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Abstract 
Detection of Proteins and Pathogens in Complex Matrices using a  
Novel Cantilever Design 
David R. Maraldo 
Raj Mutharasan, Ph.D., Advisor 
 
 
 
Detection of biological molecules at low concentrations has a variety of 
applications in medicine, food processing, and biothreat detection.  Immunoassays that 
are currently available or under development require some sample preparation or labeled 
reagents and are limited by low sensitivity (pg/mL to ng/mL) and poor specificity in 
complex matrices.  The aim of the research presented in this dissertation was to develop a 
novel cantilever sensor geometry that demonstrates a high degree of sensitivity and 
specificity for detecting biological species in complex matrices.  Sensor fabrication was 
explored using computer simulation, analytical calculations, and applied experimentation.  
The new cantilever design showed mass-change sensitivities of 300 ag/Hz to 1.5 fg/Hz 
and was used to detect pathogens, toxins, and proteins in a variety of practical 
applications, including the following results. The pathogenic bacterium, Escherichia coli 
O157:H7, was detected at less than 10 cells/ml in a ground beef wash in ~ 10 minutes.  
Staphylococcus enterotoxin B (SEB) was detected in apple juice and milk at 10 and 100 
fg (effective concentrations of 2.5 and 25 fg/mL).  A method was developed for detecting 
and quantifying a prostate cancer biomarker (α-methylacyl-CoA racemase; AMACR) in 
  
xvi 
 
patient urine at fg/mL concentrations.  A novel amplification strategy, using label-free 
additions of secondary and tertiary antibody molecules, was used to detect an ovarian 
cancer biomarker (CA-125) in human serum at 5 to 50 ag (effective concentrations of 1 
and 10 ag/mL).  All successful detections were accomplished without sample preparation 
or the use of labeled reagents.  The results demonstrate that the new cantilever sensor 
geometry can reliably detect low concentrations (ag/mL to fg/mL) of specific 
biomolecules in real systems containing varying levels of contaminant particles.  
  
xvii 
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Chapter 1: Introduction 
1.1 Background  
Detection of biological molecules at low concentrations has a variety of 
applications in medicine, food processing, and biothreat detection.  For example, the 
ability to detect biomolecules at trace levels in human body fluids has numerous 
applications in point-of-care diagnostic medicine. The direct and rapid measurement 
of molecules indicative of disease could significantly improve the quality and cost of 
health care.   
Most recently developed biosensors rely heavily on labeled reagents, as in 
enzyme-linked immunosorption assay (ELISA)1, immunoassay in conjunction with 
multi-photon detection method (IA-MPD)2, fiber-optics3-5, and other optical 
measurements, such as surface plasmon resonance (SPR)6, 7.  Other techniques, 
including immuno-PCR (polymerase chain reaction)1, 8, depend on complex 
amplification schemes to detect targets.  Each of these methods has been used 
extensively in biosensing applications; however, each method has a specific set of 
limitations – they require sample preparation, are limited by low sensitivity (pg/mL to 
ng/mL), and/or exhibit poor specificity in complex matrices with a high degree of 
background noise.  Diagnostic proteomics could potentially be useful in biosensors; 
however, practical application has been limited by the insufficient sensitivity and 
selectivity of the current analytical methods for detecting proteins 9.  Low sensitivity 
and selectivity are particularly problematic in body fluids, such as blood, plasma, and 
urine, where many other types of substances are present.  To be practical, a biosensor 
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must be robust and sensitive, and must be only minimally affected by contaminant 
particles, i.e., it must demonstrate a high degree of specificity.   
The overall goal of the research described in this dissertation is to develop 
piezoelectric-excited millimeter-sized cantilever (PEMC) sensors for detecting and 
quantifying pathogens, proteins, and other medically significant biomarkers at 
clinically relevant concentrations.  A PEMC sensor is a macro-cantilever that is 
comprised of a lead zirconate titanate (PZT) layer bonded to a non-piezoelectric 
layer.  The sensor is a few millimeters in length and typically 1 – 2 mm in width.  The 
piezoelectric layer acts as both an actuating and a sensing element, while the non-
piezoelectric layer provides a surface for antibody immobilization. The PEMC sensor 
has low mass-change sensitivity, a low limit of detection, and a high degree of 
specificity.  Additionally, due to its macro-scale of construction, the PEMC sensor is 
robust under fully immersed flow conditions due to resulting high Reynolds number.  
Consequently, the PEMC sensor can be used to detect biological targets in liquids, an 
advantage not shared by micro- and nanocantilever devices.  Finally, the time-to-
results for the PEMC sensor is typically less than 30 minutes.  This cycle time is 
much shorter than the cycle times of most immunoassays that are currently available 
or under development. 
 
1.2 Objectives 
The goal of developing a PEMC biosensor was approached by fabricating a 
highly sensitive cantilever sensor and then characterizing the sensor using both 
computer-based simulation and practical experimentation.  The sensor's limit of 
  
3 
 
detection was determined with biomolecules in buffer and in more complex matrices.  
The sensitivity and specificity of the sensor was optimized by refining details of the 
experimental method, including the antibody immobilization protocol and the use of a 
secondary antibody for amplification of bound antigen.  The specific objectives of 
this research were as follows.   
 
1. Develop a computer simulation model capable of predicting resonance 
characteristics and mass-change sensitivity of the PEMC sensor. 
2. Explore different sensor geometries and fabrication methods to enhance the 
sensitivity and the shape of the characteristic resonant peaks. 
3. Test new sensor geometries and sensing techniques by detecting proteins, 
pathogens, and toxins in buffer and in complex matrices. 
4. Refine the detection method to optimize the sensitivity, specificity, and limit 
of detection in complex samples. 
5. Develop diagnostic assays to detect and quantify emerging protein biomarkers 
in biologically relevant systems. 
 
1.3 Contributions 
The main contributions of this research are: 
1. Developed a Finite Element Model capable of predicting resonance 
characteristics and mass-change sensitivity. 
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2. Discovered a novel cantilever geometry showing higher order resonance 
modes (~1 MHz) and mass-change sensitivities ranging from 6 ag/Hz – 1.4 
fg/Hz.  
3. Detected pathogens (Escherichia coli O157:H7) in ground beef samples at 
concentrations as low as 3 cells/mL and toxins (staphylococcus enterotoxin B) 
in apple juice and milk at concentrations as low as 10 fg/mL with minimal 
nonspecific adsorption and no sample preparation. 
4. Detected a cancer antigen (CA-125) in serum at concentrations as low as 200 
zg/mL using a novel amplification technique.   
5. For the first time, devised a method for quantifying a medically significant 
biomarker (AMACR) in body fluids using macrocantilevers.   
6. Maximized detection performance through the optimization of an antibody 
immobilization protocol. 
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Chapter 2:  Background 
2.1 Biosensors 
Sensors capable of measuring biological substances have been the subject of 
extensive research during the last decade.  The importance to many appliations of 
being able to monitor a specific biological substance has increased interest in 
biosensors10.  A biosensor consists of three parts: a detector, which recognizes the 
signal (electrical, positional, piezoelectric, etc.); a transducer (optical, thermal, 
piezoelectric, etc.), which converts the signal into a more useful output; and a read-
out system (computer, digital interface, data logger, etc).  Biosensors can be modified 
with a selective layer capable of detecting specific molecules and biomolecules, i.e. 
for targeted detection9.     
 As mentioned in Chapter 1, most recently developed biosensor techniques, 
such as ELISA1, IA-MPD2, fiber-optics3-5, and SPR6, 7, utilize labeled reagens or, as 
in the case immuno-PCR1, 8, require complex amplification schemes.  ELISA and IA-
MPD are extremely sensitive, but involve multi-step protocols and require skilled 
laboratory personnel.  Most fiber optic biosensors require pre-enrichment or 
amplification of the sample, because the target species is typically present in 
concentrations below the limit of detection. SPR usually requires some sample 
preparation and is limited by low sensitivity (ng/mL) and poor specificity in complex 
matrices with a high degree of background noise.  PCR methods require 
amplification, have a high cost, and require skilled personnel. 
 Cantilever-based biosensors provide an alternative method for detecting 
biological targets.  Commercial cantilevers constructed of silicon, silicon nitride, or 
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silicon dioxide are available in a variety of shapes, dimensions, and force 
sensitivities11.  Recent developments have decreased the length of silicon-based 
cantilevers to the micrometer or nanometer scale to increase overall mass 
sensitivity12-16.  The smaller cantilevers result in liquid behavior dominated by a low 
Reynolds number (Re<1) and, therefore, are critically damped.  Changes in medium 
viscoelasticity or total mass can shift the cantilever's resonance frequency.  A more 
viscous medium or added mass damps the cantilever's oscillation and lowers the 
resonance frequency, while attenuating the peak sharpness, or quality factor (Q), to 
about 110, 17.  Therefore, a majority of measurements made with nano- and micrometer 
scale cantilevers are made in air or vacuum.     
 Silicon-based cantilevers rely on traditional transduction modes, such as 
thermal stresses and the addition of mechanical energy, to convert the recognition 
event into micromechanical motion.  These transduction modes generate vibrational 
motion that is damped in liquid.  A piezoelectric-based sensor can be used to avoid 
this limitation.  Piezoelectric material changes its dimensions when stressed 
electrically by a voltage and generates an electric charge when stressed by a force, i.e. 
piezoelectric actuators convert electrical energy to mechanical energy, and 
piezoelectric sensors convert mechanical energy into electrical energy18.  The ability 
to generate a sensitive response to a weak stress via direct piezoelectric effect, and to 
generate high strain via the inverse piezoelectric effect, allows a single piece of 
piezoelectric material to behave as both actuator and sensor.   
Development of piezoelectric biosensors is based on quartz crystal 
microbalance (QCM).  QCM is a disk-like device that uses a crystal at a particular 
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resonance frequency in the thickness shear-mode19, 20.  QCM analysis is not very 
sensitive (10-8 g/Hz) and, therefore, is of limited use when the target is present at low 
concentrations and/or with a high level of contaminants.  The switch from QCM, 
which operates in the shear resonance mode, to cantilever geometry, which operates 
in the bending resonance mode, produces a more sensitive device without the 
associated loss of sensitivity. 
 Table 2-11-4, 8, 15, 21-32 shows currently used measurement techniques for 
biologics in complex media and their mass-change sensitivities.  Although the 
technology exists to detect the presence of low concentrations of biologics, a method 
is needed that can detect fg/mL to pg/mL concentrations in a complex liquid without 
complicated sample preparation or use of labeled reagents.   
Table 2-1. Detection Limits of Various Protein and Cellular Detection Platforms 
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1 fg/HzNanoelectromechanical systemsPiezoelectricCell
140 pg/HzMicrocantileverPiezoelectricCell
1.3 x 104 CFU/mLPolymerase Chain Reaction (PCR)N/ACell
1.7 x 105 Quartz Crystal MicrobalancePiezoresistiveCell
10-3 – 10 4  CFU/mLImmunomagnetic BeadsOpticalCell
5.2 x 102 CFU/mLFiber Optic BiosensorsOpticalCell
103 CFU'sSPR Sandwich AssayOpticalCell
10 cellsWaveguide BiosensorOpticalCell
8.7 x 106 CFU/mLMiniaturized SPROpticalCell
0.2 ng/mLMicrocantileverOpticalProtein
10 fMDNA-encoded antibody libraries (DEAL)OpticalProtein
50 fg/mLSuper-ELISAOpticalProtein
pM rangeELISAOpticalProtein
fg/mLImmunoassay multi-photon detection (IA-
MPD)
OpticalProtein
~1 pM (0.2 ng/mL) Surface plasmon resonance (SPR)OpticalProtein
0.88 ng/mLAu nanoshellsOpticalProtein
~ 5 ng/mLAu  nanoparticlesOpticalProtein
Sensitivity/RangeMeasurement TechniquePlatformTarget
Detection Limits of Various Protein and Cellular Detection Platforms
 
2.2   Detection Principles of Cantilever Sensors  
Cantilever-based sensors utilize measurements of cantilever deflection, 
resonance frequencies, and damping characteristics9, and involve a variety of 
transduction mechanisms.  The two main modes of cantilever operation are static and 
resonant, and the detection principles include changes in deflection, surface stress, 
and resonance frequency (Figure 2-1)9.   
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Figure 2-1. Conversion of input stimuli into output signals by cantilever transducers is associated 
with a number of transduction mechanisms. 
 
2.2.1 Static Behavior of Cantilever Beams 
In the absence of external force, the deformation of a cantilever sensor reflects 
mechanical stress generated within the device.  For example, a microcantilever made 
of two layered materials with different coefficients of thermal expansion will deform 
when thermally induced stresses are applied. Theoretical evaluation of such bimetal 
thermostats by Timoshenko33 expresses the radius of curvatures as a function of 
temperature change.  Adsorption of an analyte on the sensor surface can also cause a 
differentially-induced surface stress change.  The analyte-induced stress can be 
predicted using a modification of the relationships originally derived by Stoney and 
von Preissig 
συ Δ−= 2 )1(61 EtR       (2-1) 
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where R is the radius of microcantilever curvature; υ and E are Poisson's ratio and 
Young's modulus for the substrate, respectively; t is the thickness of the cantilever; 
and Δσ is the differential surface stress9.  The surface stress is a function of initial 
surface free energy of the substrate.  Once the radius of curvature is determined, the 
tip displacement of a microcantilever with length l can be determined as 
συ Δ−==Δ 2
22 )1(3
2
1
Et
l
R
lz      (2-2) 
The tip displacement can be measured using optical techniques and can be correlated 
to the analyte concentration.   
 
2.2.2 Resonance Behavior of Cantilever Beams 
Cantilever transducers can be treated as weakly damped mechanical 
oscillators and can operate in the resonance mode with or without external 
excitation9.  In general, the natural frequency of a cantilever beam with a rectangular 
cross-section of b thickness and h width, and a flexural rigidity of EI – where E is the 
modulus of elasticity, and I is the moment of inertia – can be determined using the 
Euler-Bernoulli equation for an initially flat, thin homogeneous unit11. 
),(),(),()(),(ˆ 2
2
4
4
txq
t
txw
t
txwA
x
txwIE =∂
∂+∂
∂++∂
∂ ζχρ  (2-3) 
where Eˆ  and ρ denote the apparent Young’s modulus and the specific mass density of 
the beam material, respectively; A is the cross sectional area (bh) of the cantilever 
bean; I is the moment of inertia; ζ is the damping coefficient per unit length per unit 
velocity; χ is the additional mass per unit length; and q(x,t) is the driving load.  Under 
conditions where b>>h, the apparent Young’s modulus is defined as 
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ˆ ν−=
EE        (2-4) 
where ν is the Poisson’s ratio, and E is the Young’s modulus of the beam material11.  
The moment of inertia for a rectangular beam can be calculated as11  
3
12
1 bhI =        (2-5) 
A practical expression for the resonance frequency for sensing purposes can be 
derived from Eq. 2-3 (see Chapter 3).   
 
2.3 Application of Cantilever Sensors 
Microcantilevers have been demonstrated to be excellent physical 
(temperature, pressure, viscosity), chemical, and biological sensors.  Their small size 
and ability to target specific molecules make microcantilevers particularly.  The 
mechanism of detection in cantilever resonance systems is the shift in resonance 
frequency resulting from the addition of a bound mass.  By altering the surface to 
allow selective binding, a microcantilever can be designed to detect a targeted species 
with extreme sensitivity.  To date, cantilevers have been successfully used to detect 
viable cells, virus particles, pathogens, proteins, toxins, DNA molecules, and other 
chemicals at various concentrations in and out of liquid systems1, 9-11, 34-36.  Sensitivity 
with respect to limit of diction and selectivity in complex matrices have been the 
major limitations.      
2.3.1 Proteins 
Cantilever sensors have been developed to measure concentrations of various 
proteins in air and liquid.  Shekhawat et al.37 embedded a metal-oxide semiconductor 
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field-effect transistor (MOSFET) into the base of a silicon nitride cantilever to record 
decreases in drain current.  This modification allowed for detection of deflections as 
small as 5 nm.  The cantilever was cleaned, functionalized with a linker molecule, 
and streptavidin (10 μg/mL) was immobilized overnight.  The nonspecific binding 
sites were blocked with BSA.  The functionalized cantilevers were then exposed to 
biotin in PBS at concentrations of 100 fg/mL, 100 pg/mL, and 100 ng/mL.  The 
resulting decrease in drain current, due to microcantilever bending as a result of biotin 
binding, was inversely proportional to the biotin concentration.  Similar results were 
obtained when a cantilever functionalized with rabbit IgG was exposed to goat 
antibody to rabbit IgG. 
Lee et al.38 utilized a monolithic PZT thin film microcantilever for the label-
free detection of a fluorescently-labeled, C-reactive protein (CRP).   The sensors were 
cleaned, gold coated, and immobilized with a self-assembled monolayer (Calizcrown) 
capable of recognizing the ammonium ions of protein. The resonance frequency shift 
was monitored after CRP was introduced to the antibody immobilized sensor surface.  
The results indicated that resonance frequency decreased due to CRP binding.  The 
frequency change increased with higher antigen loading, and the limit of detection 
was estimated to be in the nanomolar range. 
Wee et al.39 utilized a thin-film piezoresistive silicon microcantilever for 
detection of label-free disease marker proteins.  The sensors were cleaned, 
immobilized with a self-assembled monolayer capable of recognizing the ammonium 
ions of protein, and unreactive sites were blocked with bovine serum albumin.  After 
immobilization, C-reactive protein (CRP) and prostate specific antigen (PSA) were 
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injected at three different concentrations: 10 ng/mL, 100 ng/mL, and 1 μg/mL.  The 
change in sensor resistance was measured as a function of voltage across a 
Wheatstone bridge, gradually increased over time for the three PSA solutions.  
Fluorescently tagged PSA showed increasing intensity in Ag-Ab binding proportional 
to increasing concentration.  Similar results were obtained for various concentrations 
of CRP; however, the response of the cantilever to CRP was not as sensitive as the 
response to PSA. 
A nanomechanical PZT cantilever, 100 μm wide, 300 μm long, and 2.08 μm 
thick, was used to detect myoglobin without the use of labeled reagents40.  
Streptavidin (10 μg/mL) in PBS was immobilized on the sensor surface, and 
unreacted sites were blocked with bovine serum albumin.  Monoclonal antibody to 
myoglobin (10 μg/mL) was biotinylated and left to react with the streptavidin-
immobilized cantilever surface.  The sensor was then exposed to 1 μg/mL, 100 
ng/mL, 10 ng/mL, and 1 ng/mL solutions of fluorescently tagged myoglobin antigen 
and changes in resonance frequency were monitored.  The fluorescence image 
showed an increase in confocal intensity as a function of antigen concentration, while 
the resonance shift increased with increasing antibody concentration.  The results 
indicated that the biosensor could detect proteins on the order of 1 x 10-8 g/mL.  
An array of eight silicon microcantilevers were functionalized with single-
chain Fv (scFv) antibody fragements as receptor molecules for detecting cysteine 
residues41.  The sensors were cleaned and coated with titatnium and gold in a vacuum 
chamber then exposed to the scFV fragments (100 μg/mL) for 30 – 60 minutes at 
room temperature.  Protein solutions were injected at a flow rate of 40 μL/min and 
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the binding event was monitored for one hour.  Deflection of the cantilever detected 
the antigen in the 1 nM range, approximately three orders of magnitude more 
sensitive than the 1 μM detection limit previously reported for the cardiac marker, 
myoglobin, using a similar cantilever- based instrument and a full-chain antibody42. 
  Changes in deflection of a biotinylated, v-shaped silicone nitride cantilever 
were used for monitoring the binding of streptavidin43.  The sensor was gold coated, 
then incubated for 2 hours in a 1 mM solution of biotin thiol in ethanol.  A 10 nM 
streptavidin solution in PBS was injected into the flow cell, and the response of the 
sensor was recorded.  The bending of the sensor as a result of the binding event 
depended on the biotin-modified surface.  When streptavidin was introduced, biotin-
HPDP cantilevers bent downward, biotin-SS-NHS cantilevers bent upward, and 
biotin-PEG cantilevers did not bend.  The authors hypothesized that the charge 
difference between the biotin-PEG and biotin-SS-NHS surfaces, as well as the well 
packed monolayers on the bioten–PEG surface, caused the different nanomechanical 
responses.  The limit of streptavidin detection on the biotin-HPDP sensor was 
between 1 and 10 nM. 
Campbell et al.44 used a self-excited PZT-silica glass cantilever to monitor the 
binding and unbinding of model proteins in phosphate buffer saline.  The cantilever 
was 3 mm long, 1 mm wide, and ~ 300 μm thick.  The sensor was cleaned and 
aminated to add free amine terminals for reaction with the carboxylic groups in the 
target antibodies.  Solutions of anti-Group A Streptococcus pyrogenes (GAS), rabbit 
IgG, and anti-E. coli O157:H7 were prepared at concentrations of 1 and 0.1 mg/mL.  
The resonance frequency of the functionalized cantilever was monitored while the 
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sensor was immersed in protein solutions for one hour.  Resonance frequency 
changes of ~550 and 1800 Hz were obtained for anti-EC concentrations of 0.1 and 1.0 
mg/mL, respectively.  Similarly, 1.0 mg/mL of anti-GAS gave a higher resonance 
frequency shift than the 0.1 mg/mL solution.  When the sensor was exposed to rabbit 
IgG at a concentration of 0.1 mg/mL, the resonance frequency decreased by 
approximately 300 Hz.  After binding rabbit IgG, the cantilever was exposed to 0.1 
mg/mL biotin-conjugated anti-rabbit IgG, and the resonance frequency decreased ~ 
280 Hz.  Exposure of the sensor surface to 0.1 mg/mL captavidin caused the steady 
state resonance value to decreas an additional 500 Hz.  The binding events were 
confirmed by releasing the captavidin and anti-rabbit IgG with a low pH buffer.  
 Campbell et al. also used a piezoelectric-excited millimeter-sized cantilever to 
detect Staphylococcus enterotoxin B (SEB) in buffer45.  The cantilever was cleaned 
and aminated, and antibody specific to SEB was immobilized to the surface.  The 
prepared sensor was inserted into a liquid flow cell, and the resonance frequency was 
stabilized in PBS at a flow rate of 1 mL/min.  Antigen solutions containing 50 pg/mL, 
200 pg/mL, 1 ng/mL, and 50 ng/mL SEB were recirculated past the sensor in a 
stepwise fashion until the resonance frequency reached new steady states.  The 
binding event was confirmed by releasing the antigen with a low pH solution.  The 
detection limit of the PEMC sensor to SEB was between 12.5 and 50 pg/mL. 
Dauksaite et al.46 used a piezoresistive array platform with electrical readout 
for protein detection using glutathione-S-transferase (GST) and GST antibodies.  The 
sensors were used to detect the static surface stress that arises when the protein 
interacts with the immobilized molecules on the device surface.  The sensor was 
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functionalized with GST antibodies, and GST diluted in PBS was introduced in 
increasing concentrations (0.1, 1, and 10 μg/mL).   No significant signal was received 
for 0.1 μg/mL GST; however, both 1 and 10 μg/mL solutions gave a measurable 
response. 
A piezoresistive cantilever chip was designed by Hyun et al.47 for 
mechanically detecting liposome-protein interactions.  The cantilevers were 
functionalized with a phosphatidylserine (PS) recognition protein (C2A), which 
recognizes the PS exposed on the surface of liposomes.  As the liposome binds to the 
immobilized protein, the surface stress changes, due to cantilever bending, and is 
detected as a change in electrical signal.  Liposome solutions (6.5 x 106/mL) and a 
control were loaded on the cantilever surface, and the liposomes were detected with a 
sensitivity of 0.0489 μA/liposome.   
Mukhopadhyay et al.48 used piezoresistive cantilevers for the detection of 
specific protein conformations.  The target-specific signals were obtained in situ at 
protein concentrations of 2.5 to 20 nM.  Changes in resistance due to the binding 
event were recorded as a function of voltage across a Wheatstone bridge.  Protein 
conformation changes could be detected in a single-step, label-free assay.  Other 
studies used Wheatstone bridge circuits in conjunction with microcantilevers to detect 
IgG (0.225 μM) and egg albumin (4.4 μM).  A mass sensitivity ~ 200 fg/Hz was 
reported for a partial immersion detection method49. 
A biosensor composed of a microcantilever and a piezoelectric PZT film was 
used to detect human insulin-antihuman insulin binding50.  The device was 100 μm in 
length, 30 μm in width, and 5 μm in thickness, with a PZT film 2.5 μm thick and 50 
  
17 
 
μm long.  A 217 Hz frequency shift was noted using a self-oscillating circuit when 
the human insulin was attached to the antibody immobilized on the sensor surface.  
The experimentally determined mass of insulin binding protein was 0.595 x 10-15 g, 
compared to the calculated mass of 0.458 x 10-15 g. 
Microfabricated cantilever sensors have also been also used for detecting 
other protein biomaterials, such as Taq polymerase51 and BSA52.  The experiments 
were conducted under batch aqueous conditions and used different detection systems 
than those described above.  
2.3.2 Pathogens  
Cantilever sensors have been developed to detect a variety of pathogens.  
Capobianco et al.53 used (PMN-PT)/Sn piezoelectric microcantilever sensors to detect 
pathogens in phosphate buffered saline.  The sensors were constructed from 22 μm 
thick, free-standing PMN-PT films, with a 15-30 nm chromium/nickel bonding layer, 
a 4-μm tin layer, a 150 nm platinum layer, and a 10 nm titanium bonding layer.  The 
sensor was 725 μm long and 750 μm wide.  The sensor was electrically insulated, 
then antibody to E. coli O157:H7 was immobilized to the surface.  Detection 
experiments were carried out in a flow cell at 0.5 mL/min.  Resonance frequency 
shifts of 1,650, 1,300, 600, and 200 Hz were obtained for E. coli suspensions of 106, 
104, 103, and 102 cells/mL, respectively, in pure PBS, with a 75 Hz standard 
deviation.  Mass-change sensitivity was estimated to be of 3 pg/Hz.    
A bulk micromachined, low-stress silicon nitride cantilever was used to detect 
E. coli cell-antibody binding events15.  The sensors varied in length (15-400 μm) and 
width (5-50 μm), with a constant thickness of 320 μm.  The devices were actuated 
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utilizing thermal mechanical noise and the change was monitored via optical 
deflection.  Affinity-purified goat anti-E. coli O157:H7 was coated on the sensor 
surface by a 5 minute immersion in a 1 mg/mL solution.  The cantilevers were then 
rinsed with deionized water and dried in nitrogen.  The immobilized sensors were 
immersed for 15 minutes into solutions of E. coli O157:H7 ranging from 105 to 
109 cfu/mL, rinsed, and dried.  Resonance frequency spectra were taken before and 
after antibody and cell exposure.  The experiments showed a shift of 4.6 kHz due to 
the immobilization of a single cell calculated as 665 fg, which is consistent with other 
reported values.  The mass-change sensitivity of the device was estimated to be 1.1 
and 7.1 Hz/fg, respectively, for cantilevers 25 and 15 μm long. 
Ilic et al.54 also used an array of bulk micromachined resonance cantilevers for 
detecting bound E. coli O157:H7.  Signal transduction of the devices was 
accomplished by measuring the out-of-plane vibrational resonance mode using an 
optical deflection system.  The two cantilevers had dimensions of 100 to 500 μm in 
length, and 320 to 600 nm in thickness.  The cantilevers were antibody immobilized, 
then immersed in E. coli solutions ranging from 106 to 109 cells/mL at room 
temperature for 15 minutes, rinsed, and dried.  Resonance frequency spectra were 
taken before and after cell exposure.  In the range where the total cell mass is much 
smaller than the mass of the oscillator, the frequency shift was linearly related to cell 
mass.  No resonance frequency shift occurred in a positive control (non-antibody 
immobilized sensor in cell solution).  The sensitivity of the two cantilevers was 
estimated to be 5.12 and 6.81 Hz/pg for the small and large sensors, respectively.   
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A surface-stress based, v-shaped silicon microcantilever was developed for 
the in situ detection of E. coli O157:H755.  The deflection due to increased mass was 
detected optically.  Following covalent immobilization of the antibody, the sensor 
was inserted into a flow cell at 20°C.  After the sensor was exposed to 5 x 106 cfu/mL 
E. coli,  the microcantilever immediately bent down, due to capture of the E. coli.  
When the cell solution was replaced by buffer, the cantilever remained bent due to the 
added mass, which ruled out physical adsorption.  The reference sensor showed little 
or no deflection when exposed to the E. coli sample.  The sensor's limit of detection 
was estimated to be 1 x 10-6 cfu/mL.  When the data were fit to a Langmuir model, 
the reaction rate was calculated as 2.3 x 10-4 s-1.   
Campbell et al.56 used a composite, self-excited lead zirconate titanate (PZT)-
glass cantilever to detect the pathogen, E. coli O157:H7, in buffered salt solutions.  
Two cantilevers, 5 and 3 mm in length, 1.8 and 2.0 mm in width, and ~340 μm in 
total thickness were used.  The device was fabricated using a PZT sheet bonded to a 
50 μm-thick stainless steel layer and a 160 μm glass cover slip.  The stainless steel 
film served as the bottom electrode while a top electrode was attached directly to the 
thin PZT film. The cantilever was actuated using a excitation voltage of 100 mV 
generated by an impedance analyzer.  The glass surface was aminated, and a 
monoclonal antibody to E. coli O157:H7 was covalently linked.  The antibody-
immobilized sensor was submerged in various concentrations of the pathogen.  A 
non-pathogenic strain of E. coli (JM101) was used to determine sensor selectivity.  
The frequency responses of the cantilever to E. coli O157:H7 at concentrations of 7 x 
102, 7 x 104, 7 x 106, and 7 x 107 were approximately 600, 400, 280, and 180 Hz, 
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respectively.  Lower concentrations of E. coli O157:H7 resulted in a longer time for 
the system to reach steady state.  Visual confirmation was provided by scanning 
electron micrography, and secondary confirmation was provided by low pH release of 
the bound cells.  When the total cell count held constant, a mix of pathogenic and 
non-pathogenic strains resulted in a lower resonance frequency shift than a purely 
pathogenic sample.  In the absence of the pathogenic strain, the resonance frequency 
shift was ~ 0 Hz.    
 A surface-micromachined cantilever beam-based resonator was used by Gupta 
et al.13 to detect the mass of the bacterium, Listeria innocua.  A novel technique was 
developed to fabricate thin low-stress, single-crystal cantilever beams.  Thermal and 
ambient noise were used to actuate the cantilever beams, and the resulting vibration 
spectra were measured in air.  Bacterial suspensions in concentrations ranging from 5 
x 106 to 5 x 108 cells/mL were introduced to the antibody immobilized sensor surface.  
Bovine serum albumin was used as a blocking agent to prevent nonspecific binding, 
and Tween-20 in PBS was used to remove loosely bound bacteria.  The resonance 
frequency was measured after immobilization using antibody plus BSA, and after 
exposure to the bacterial samples.  Attachment of the bacterial cells caused a shift of 
~ 500 Hz.  The effective number of bacterial cells captured was ~ 62 (based on dry 
cell estimates of effective mass determinations of 85 fg).   
 Campbell and Mutharasan used PEMC sensors to detect Bacillus anthracis 
(BA) in batch57 and flow58 systems.  The sensors were fabricated with a PZT sheet 
1.5 mm long, 1 mm wide, and 127 μm thick, and a glass cover clip 3.5 to 4.0 mm 
long, 1 mm wide, and 160 μm thick.  The sensors were immobilized with antibody 
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specific to B. anthracis spores, and the sensor was exposed to concentrations ranging 
from 300 to 3 x 106 spores/mL.  During the batch experiments, the antibody-
immobilized sensor was placed on an XYZ positioner and inserted 1 mm into a 1 mL 
sample of spore solution.  The resonance frequency was monitored until a new steady 
state value was reached.  The resonant frequency decreased at a rate proportional to 
the spore concentration.  Exposure to 0, 3 x 102, 3 x 103, 3 x 104, and 3 x 106 
spores/mL resulted in steady state frequency changes of 5 ± 5 Hz (n=3), 92 ± 7 Hz 
(n=3), 500 ± 10 Hz (n=3), 1030 ± 10 Hz (n=2), and 2696 ± 6 Hz (n=2), respectively.  
The batch method was also used to evaluate selectivity of the antibody-functionalized 
sensor by exposing the sensors to mixed spore suspensions containing B. anthracis 
and Bacillus thuringienisis (BT) in various volume:volume ratios.  Resonance 
frequency decreases of 2345, 1980, 1310, 704, and 0 were obtained for BA:BT ratios 
of 1:0, 1:125, 1:250, 1:500, and 0:1, respectively.  Detection capability of the sensor 
was also tested in a flow apparatus with 300 spores/mL sample of BA at a flow rate 
of 1 mL/min.  The flow cell held 300 μL and showed small frequency fluctuations at 
flow rates of 1 to 17 mL/min.  The total resonance frequency change was 162 ± 10 Hz 
(n=2), compared to 90 ± 5 Hz under batch detection.   
 To examine the selectivity of the PEMC sensor, Campbell et al.59 developed a 
method for detecting BA spores in the presence of large amounts of BT and Bacillus 
cereus (BC).  The sensors were fabricated with a PZT sheet 4.0 mm long, 1 mm wide, 
and 127 μm thick, and a glass cover slip 1.5 mm long, 1 mm wide, and 160 μm thick.  
The glass surface was immobilized with rabbit polyclonal antibody to BA.  All 
experiments were carried out at 25°C and a flow rate of 1 mL/min.  The concentration 
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of BA spores was kept constant at 333 spores/mL.  The BA:BT+BC concentration 
ratio of 0:1, 1:0, 1:1, 1:10, 1:100, and 1:1000 resulted in resonance frequency changes 
of 14 ± 31 (n=11), 2,742 ± 38 (n=3), 3,053 ± 19 (n=2), 2,777 ± 26 (n=2), 2,953 ± 24 
(n=2), and 3,105 ± 27 (n=2) Hz, respectively in 0, 27, 45, 63, 154, and 219 minutes.  
Confirmation of detection was obtained by releasing the spores with a low pH 
solution.  An exponential decrease in attachment rate was observed with increasing 
BT+BC concentration, and the authors concluded that the observed binding rate 
constant could be derived from the Langmuir kinetic model 
Davila et al.60 used microcantilevers to detect BA spores in air and liquid.  
The cantilevers were fabricated using silicon-on-insulator (SOI) wafers and standard 
surface micromachining techniques.  The cantilevers had nominal lengths of 100, 75, 
50, 40, and 20 μm, and uniform width and thickness of 9 μm and 200 nm, 
respectively.  For air measurement, 20 μL of BA spores (1 x 109 spores) were 
introduced onto the cantilever surface for 4 hours, the chip was dried, and the 
resonance frequency was measured.  For measurements in water, the surface was 
antibody-immobilized, rinsed, blocked using BSA, and rinsed with Tween to remove 
loosely bound antibody.  The resonance frequency was then determined in air and 
water.  Following another rinse, 20 μL of BA spores (1 x 109 spores) were introduced 
onto the cantilever surface for 16 hours.  The chip was dried, and the resonance 
frequency was again measured in air and water.  Using a linear fit of frequency shift 
versus number of bound spores, the mass-change sensitivity of the 20 μm long 
cantilever was calculated to be 9.23 Hz/fg and 0.1 Hz/fg, in air and water, 
respectively.   
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2.3.3 Virus 
In addition ot proteins and bacteria, cantilever sensors have been used to 
detect viruses.  Gunter et al.61 used piezoresistive microcantilever-based sensors to 
detect a vaccinia virus in aerosol and solution forms.  In these sensors,  the 
piezoresistive microcantilever was embedded in the sensing material, as opposed to 
the sensing layer being bound to the sensor surface.  When the virus was adsorbed, 
the volume of the sensing material changed and the volumetric change was measured 
as resistance changes in the microcantilever.  The sensing material in this case was a 
composite of vaccinia polyclonal antibody with the host polymer poly(ethylene 
oxide) or PEO.  In these experiments, 150 mL of water with 2.0 mg/mL virus was 
aerosolized and combined with nitrogen in a 50/50 mix.  The sensor measured a total 
chane in resistance of ~ 20 – 23 ohms.  In another experiment, antibody was attached 
to a glass substrate and used as a pure biological sensing layer for the virus in 
solution.  In this case, the glass slide was cleaned, aminated, and functionalized with 
the vaccinia antibody.  The functionalized surface was exposed to 10 μL of virus in a 
0.2 mL water drop, resulting in a 4.2 ohm rise in resistance.  A similar experiment 
with a different virus particle produced no resistance change confirmin the specificity 
of the antibody.   
In another study, vaccinia virus particles were detected using silicon 
cantilever beams, about 3 – 5 μm long, 1.4 – 1.5 μm wide, and 0.3 nm thick62.  The 
resonance spectra were determined by measuring the thermal spectra of the 
cantilevers and fitting them to the amplitude response of a simple harmonic oscillator.  
The sensor was cleaned, dried, and immobilized with 15 μL of biotinylated BSA (1.5 
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mg/mL) followed by 15 μL of streptavidin (5 mg/mL) and 15 μL of biotinylated 
antibody to vaccinia virus (5 mg/mL).  The antigen mixture (~1011 pfu/mL) was 
allowed to interact with the protein-coated cantilever for 30 minutes.  The sensor was 
rinsed in ethanol and then dried.  The loading of the virus as a point mass caused a 
resonance frequency shift in line with approximate analytical predictions.   
Gupta et al.12 extended his work with microresonators by detecting a vaccinia 
virus using an array of silicon cantilever beams with nanoscale thickness.  The 
cantilevers were approximately 5 μm long, 1.5 μm wide, and 30 nm thick.  The 
cantilever was exposed to purified vaccinia virus particles (~109 pfu/mL) in distilled 
water for 30 minutes.  The sensor was then rinsed with ethanol and dried, and the 
resonance frequency was measured in air, using a microscope scanning laser Doppler 
vibrometer.  The number of bound virus particles was determined using SEM.  There 
was a linear relationship between the resonance frequency shift and the effective 
number of virus particles.  With an average measured dry mass of 9.5 fg/vaccinia 
particle, the mass-change sensitivity was calculated to be 6.3 Hz/ag. 
Arrays of chemically functionalized, surface micromachined polycrystalline 
silicon cantilevers were used by Ilic et al.14 to detect the binding events of a model 
insect baculovirus (Autographa californica nuclear polyhedrosis virus).  The 
fabricated cantilever was 6 μm long, 0.5 μm wide, and 150 nm thick, with a 1 μm x 1 
μm paddle.  The resonance frequency of the device was measured in a vacuum 
chamber at a pressure of 4 x 10-6 torr.  The antibody was immobilized, and the 
sensors were then immersed in a buffer solution with baculovirus concentrations 
between 105 and 107 pfu/mL for one hour.  The devices were rinsed, dried, and placed 
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back in the vacuum chamber for resonance frequency determination.  The sensors 
were able to detect frequency changes due to exposure to 105 pfu/mL baculovirus.  
Assuming the average weight of a single baculovirus is 1.5 fg, the results indicate that 
detection of a single virus particle is possible. 
Johnson et al.63 silicon cantilevers actuated by thermal noise and a PZT 
piezoelectric ceramic to detect and characterize virus particles.  The deflection of the 
devices was measured optically.  The two cantilevers were 21 x 9 x 0.2 μm and 6 x 4 
x 0.2 μm (length x width x thcikness), respectively.  The cleaned sensors were 
exposed to 20 μL of purified vaccinia virus particles at a concentration of ~109 
pfu/mL for 30 minutes at room temperature, then rinsed in ethanol and dried prior to 
recording the resonance frequencies.  Atomic force microscopy was used to image the 
bound virus particle.  The calculated mass of the virus particle derived from 
resonance frequency shift was within the expected range for the two cantilevers.  The 
PZT-excited cantilever had an order of magnitude higher sensitivity than the thermal-
noise actuated device. 
2.3.4 DNA 
Because DNA is a biomolecule of specific interest in a number of fields, 
including forensict medicine, a number of studies have developed cantilever-based 
sensors to detect it.  McKendry et al.64 used a microarray of cantilevers to detect 
multiple unlabeled biomolecules simultaneously at nanomolar concentrations.  
Microfabricated arrays of eight silicon cantilevers were cleaned with piranha and 10 
% HF in water.  The arrays were coated with a 2-nm titanium adhesion layer followed 
by 20 nm of gold.  The sensor was functionalized with a thiolated probe sequence 
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using microcapillaries.  Individual cantilevers were inserted into a 40 μM solution of 
12-mer thiolated probe DNA in triethyl ammonium acetate buffer for 20 minutes, 
then rinsed, and dried.  All measurements were taken in air at 22°C.  A linear 
position-sensitive detector was used for beam-deflection readout.  Different 
concentrations of target DNA were injected at various flow rates, and the hybridized 
oligonucleotides were denatured chemically by purging the cell with dehybridization 
agents.  Injection of a 500 nM solution of 12-mer target strand into the liquid cell 
caused bending and an average differential deflection signal of 9.8 nm, equivalent to 
a compressive surface stress of 2.7 x 10-3 N/m.  Sequence specificity was challenged 
using a mixture of 250 nM complimentary and 20 μM non-complementary DNA.  
The results indicated that the sensors could detect unlabeled DNA targets in 80-fold 
excess of non-matching background DNA. 
Hansen et al.65 detected DNA mismatches without the need for labeling, using 
a microcantilever-based optical deflection assay.  Chromium and gold were 
sequentially deposited on the upper surface of the silicon cantilevers.  Probe DNA 
moleules, 20 and 25 nucleotides in length, were synthesized with C-6 5'-thiol 
modification for immobilization to the sensor surface.  Four thiolated probes were 
used: three 20-mers in flow-through conditions and one 25-mer in static conditions.  
The flow-through probe experiments were carried out with a 10-mer complementary 
strand, and three different mismatched 10-mer strands - a proximal terminal 
mismatch, one internal mismatch, or two internal mismatches.  For the static 
experiment, two 10-mer mismatch sequences were used, with one internal mismatch 
or two internal mismatches.  The functionalized cantilevers were immersed in flow 
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cell sand stabilized in phosphate buffer.  For both static and flow experiments, 20 
μg/mL targets were used, and the temperature was held at 25°C.  The flow-through 
experiments used a rate of 2 mL/hr.  Hybridization of fully complementary10-mer 
targets resulted in a net upward deflection of the cantilever.  Compariosn of 
hybridization with 10-mer versus 9-mer strands showed that the deflection was due to 
hybridization.  Terminally mismatched 9-mer strands resulted in the formation of 
nine-base pair dsDNA up to the point of mismatch.  Hybridization of 10-mer large 
oligonucleotides with one or two internal mismatches to 20- and 25-mer probes 
resulted in a net downward deflection, indicative of higher repulsive forces.  The 
magnitude of the deflection was proportional to the number of mismatches.   
Hansen et al.24 continued his work by measuring oligonucleotde hybridization 
using gold-coated thiol-functionalized cantilevers. Two sets of experiments were 
conducted: on set varied the length of the complementary strand; the second set 
varied the sequence to create a mismatch.  The experiments were carried out in a 
flow-through system, with flow rates of 1 – 2 mL/min.  When the probe-
functionalized cantilever was exposed to complimentary strands of varying length, 
the magnitude of the positive deflection increased in proportion to the length.  When 
different sequences were compared, the sensors could apparently discern a single base 
mismatch.  Complementary strands containing the same number of units as the probe 
DNA gave the largest deflection.  Similar work conducted by Fritz et al.66 using a 
cantilever array to monitor the hybridization of complementary oligonucleotides 
could detect a single base pair mismatch  between complementary 12-mer strands 
during hybridization. 
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Gold-coated silicon nitride, v-shaped cantilevers that monitored DNA 
hybridization67 were used to examine changes in configurational entropy and 
intermolecular energetics induced by specific biomolecular interactions.  The 
cantilevers were 200 μm long and 0.5 μm thick, with a leg width of 20 μm.  An 
optical detection method was used to monitor cantilever deflections in a fluid cell.  
After probe immobilization, the cantilever was stabilized in phosphate buffer, and the 
target molecules were injected.  The probe sequences ranged from 20 to 50 
nucleotides thiolated at the 5' end, at concentrations of 20 - 50 ng/μL.   The target 
ssDNA strands were 9 to 20 nucleotides long and at concentrations of 18 to 40 ng/μL.  
During hybridization experiments, the probe ssDNA was 50 ng/μL (8 μM).  
Regardless of the length of ssDNA or ionic strength used, the repulsive interactions 
between the immobilized ssDNA created compressive stress that bent the cantilever 
downwards.  In experiments with the 20-mer probe and various targets, the cantilever 
consistently bent upward, suggesting that hybridization and thus, resulting changes in 
configurational entropy, relieved compressive stress.  When the phosphate buffer 
concentration was reduced, the configurational entropy effects were minimized, and 
hybridization caused downward deflection. 
Calleja et al.68 developed cantilever arrays fabricated of SU-8 and coated with 
gold to detect the adsorption of ssDNA.  SU-8 is an epoxy-based photoresist with 
high chemical resistance.  The cantilevers varied in length (100 to 200 μm), width (20 
to 50 μm), and thickness (1.3 to 2 μm).  Cantilever deflection measurements were 
carried out in air, using optical beam deflection.  DNA probes were 12 nucleotides 
long with a thiol molecule on the 5' end.  6-Mercapto-1-hexanol (MCH) was used as a 
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spacer molecule after probe immobilization.  After cleaning, 20 mL of a 2 μM 
solution of probe solution was introduced to the sensor surface creating the expected 
downward deflection due to compressive stress.  One mM MCH was then introduced, 
and further downward deflection was noted.  The deflection of the polymeric probes 
was six times higher than that of a commercially available silicon nitride cantilever. 
 Su et al.69 used a V-shaped silicon nitride microcantilever with gold 
nanoparticle-modified probes to detect DNA hybridization.  The cantilevers were 150 
μm long, 90 μm wide, and 0.6 μm.  The hybridization was measured by the 
attachment of Au nanoparticles on the surface and subsequent chemical amplification 
of the signal.  Gold-coated, probe-immobilized (1 mM) sensors were dipped into the 
target DNA solution (0.05 to 10 nM) for hybridization.  Each ssDNA sequence was 
15 nucleotides long.  The gold nanoparticle-labeled DNA strands (2 nM) were then 
hybridized on the other end of the target.  The gold nanoparticles acted as a 
nucleating agent for the formation of silver, resulting in a frequency shift due to 
added effective mass.  The resonance frequency shifts were monitored in air, using an 
atomic force microscope.  The results showed a linear relationship between the 
frequency shift and the concentration of target ssDNA over the range of 0.05 – 10 
nM.  A single nucleotide mismatch did not show a significant frequency shift.  
Detection of the target strands was further confirmed using secondary ion mass 
spectrometry (SIMS).  
Marie et al.70 used a gold-coated piezoresistive cantilever array, 150 μm long, 
40 μm wide, and 1.3 μm thick, to determine the adsorption kinetics and mechanical 
properties of a thiol-modified DNA strand.  The sensor was actuated by 2V and the 
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detection mechanism monitored the induced surface stress.  A DNA sequence 25 
nucleotides long was brought into contact with the sensor in a flow configuration (25 
μL/min).  The adsorption rate increased as the ssDNA concentration increased from 1 
to 4 .2 to 25 μM.  When the data were fit to the Langmuir isotherm, the observed rate 
constant increased linearly with increasing DNA concentration.    
2.3.5 Molecules 
Cantilever sensors have been quite extensively used for detecting the 
adsorption of various chemical species onto a prepared substrate.  Much of this work 
was derived from the formation of self-assembled monolayers (SAM) on sensing 
surfaces71, 72.  Campbell et al.73 used a gold-coated PEMC sensor to measure the 
formation of self-assembled monolayers with different terminal head groups.  
Formation of the SAM was monitored by recording changes in resonance frequency.  
The PEMC sensor was constructed of two layers: a PZT layer 5 mm long, 2 mm 
wide, and  127 μm thick, and a stainless steel layer 10.5 mm long, 2 mm wide, and 50 
μm thick.  The stainless steel foil was covered with chromium, followed by 10-nm of 
gold.  The surface was cleaned with piranha solution and rinsed three times with 
deionized water.  One mL stock solutions of 1-decanethiol, 11-mercapto-1-undecanol, 
and 11-mercaptoundeconoic acid were prepared in ethanol to a final concentration of 
1 mM.  The gold coated sensor was immersed 1.5 mm into 1 mL of the target 
solutions for one hour.  Upon immersion, the resonance frequency showed an 
exponential decrease, ultimately reaching a constant value.  The total frequency 
change was 885 ± 21 (n=2), 590 ± 14 (n=2), and 383 ± 10 (n=2) Hz for 11-
mercaptoundeconoic acid, 11-mercapto-1-undecanol, and 1-decanethiol, respectively.   
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Campbell and Mutharasan74 evaluated the formation of an alkanethiol 
monolayer on a gold-coated millimeter-sized, rectangular-shaped lead zirconate 
titanate (PZT) cantilever.  The cantilever had dimensions of 3.5 x 2 x 0.05 mm, and 
was actuated using an alternating current generated from an impedance analyzer.  
After cleaning and gold-coating, the sensor was dipped in solutions of n-alkanethiol 
at various concentrations.  The total resonance frequency changes in response 1 nM, 
10 nM, 100 nM, 1 μM, 4 mM, 8 mM, and 10 mM thiol were 116 ±2 (n=2), 225 (n=1), 
270 ± 10 (n=2), 440 ± 10 (n=2), 900 ± 10 (n=2), 900 ± 10 (n=2), and 900 ± 10 (n=2) 
Hz, respectively.  In agreement with previous work75, 76, the results indicated that the 
rate of monolayer formation is concentration dependent, and that the exponential 
change during adsorption follow s the reversible first-order Langmuir model.   
Similar work, conducted by Berger et al.77, used a v-shaped micromechanical 
silicon nitride cantilever to evaluate the surface stress changes and kinetics during the 
self-assembly of alkanethiols on gold.  The gold sensor surface was exposed to 
alkanethiol vapors with alkyl chains ranging from 4 to 14 in carbon length.  A strong 
response in sensor deflection with a distinct saturation point was observed.  The 
surface stress was proportional to the number of molecules adsorbed, and the stress 
curves generated during adsorption fit the Langmuir adsorption isotherm model.  The 
saturated surface stress generated by the monolayers also increased linearly with total 
chain length, indicating that the compressive surface stress change was directly 
proportional to alkyl chain length.   
Yan et al.78 utilized V-shaped silicon microcantilevers 180 μm long, 25 μm 
wide, and 1 μm thick to detect the oxidation of glucose by glucose oxidase.  The 
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microcantilever was gold-coated and inserted into a flow-through glass cell for 
continuous measurement with an optical beam.  A 25 – 30 nm layer of 
polyethyleneimine/glucose oxidase was immobilized on the sensor surface, and 
various concentrations of glucose flowed past the surface at a rate of 72 ml/Hr.  The 
deflection of the cantilever increased as the glucose concentration increased in the 1 – 
10 mM range.  Further experiments showed that deflection amplitudes at equilibrium 
were directly proportional to glucose concentrations between 1 and 50 mM79, 80.   
A microfabricated silicon cantilever array was used to observe the 
transduction of physical and chemical processes into nanomechanical motion81.  The 
array consisted of eight linearly-arranged cantilever-type sensors (500 μm long, 100 
μm wide, 1 μm thick), housed in an aluminum sample chamber with analyte inlet and 
outlet, and windows for monitoring beam deflection.  Each sensor was coated with 30 
nm of gold, and polymers (5 mg/mL) were spray-coated onto one side of the 
cantilever to form a homogeneous layer of ~ 5 μm thick.  A homologous series of 
primary alcohols, from methanol to heptanol, were flowed past the sensor surface.  
The results gave distinct clusters in principal component space, allowing 
unambiguous identification of the alcohol.  Similar experiments were performed for 
various alcohol mixtures and solvents, and were successful in identification and 
selectivity.  However, successful detection in a mixture was only possible when the 
individual components were previously characterized. 
Ilic et al.14 used a nanoscale, micromachined polycrystalline silicone and 
silicone nitride oscillator to detect the presence of thiolate self-assembled monolayers 
(SAM).  The device was 4 μm long, 500 nm wide, and 160 nm thick, and terminated 
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in a 1 x 1 μm gold-coated paddle.  Resonance frequency values were recorded in a 
vacuum chamber at a pressure of 3 x 10-6 torr.  An rf spectrum analyzer was used to 
mechanically excite the NEMS structures and measure the signal for the optical 
detector.  Following baseline measurement, the sensors were submerged in a solution 
of dinitrophenyl poly(ethylene glycol) undecanthiol for 3 hours.  The devices were 
then rinsed with methylene chloride, acetone, and isopyropyl alcohol, and dried with 
nitrogen, and resonance frequency was again recorded in a vacuum chamber.  Based 
on the frequency shifts, the smallest resolvable mass was estimated to be 0.39 ag.   
2.3.6 Viable Cells 
There is a rapidly growing need in point-of-care medicine, food processing, 
biopharmaceutical processing, and other areas to monitor viable cell growth.  The 
presence of actively growing bacterial cells, for example, can indicate in infection 
that might result in hospitalization and possibly death.  The ability to discern live 
from inactive organisms can be used to determine the safety of food products.  
Traditional methods of determining live cells rely on plate counting techniques, 
which are time consuming and costly.  Cantilever-based sensors could provide a more 
rapid means of identifying contaminant growth, which would be greatly beneficial. 
 Detzel et al.82 reported on a piezoelectric-excited, millimeter sized glass 
cantilever for detecting the real-time growth of E. coli JM101.  A 127 μm thick PZT 
sheet was bound to a 160 μm glass cover slip.  Each had dimensions of 1 x 5 mm, 
total surface sensing area was 1 mm2.  The cantilever was cleaned with Piranha 
solution (7:3 volume ratio of concentrated H2SO4 and 30% H2O2), followed by 
deionized water and ethanol.  After cleaning, 2 μL of Luria broth agar was spread into 
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a 200 μm film on the sensing surface.  The agar was inoculated with 0.5 μL of 
exponentially growing E. coli culture and maintained at 29°C.  During the 6 hour 
growth phase, the cantilever measured a total frequency change of 5.08 ± 0.01 kHz.   
A model showed a close correlation between resonance frequency and the 
exponential growth rate (μ) of the bacterial cultures.  The results were obtained 
approximately 10 times more rapidly than similar experiments with QCM. 
 A eight silicon-cantilever array was used by Gfeller et al.23 to rapidly detect 
actively growing E. coli cells.  The cantilevers were 500 μm long, 100 μm wide, and 
7 μm thick.  Following cleaning and amination, each sensor was coated with agarose 
to provide a suitable growth substrate.  The experiments were carried out at 37°C and 
93% relative humidity.  A subset of the eight cantilevers was inoculated with an E. 
coli suspension; the other sensors were controls.  Post inoculation, the sensors were 
immersed for 10 minutes in pure LB broth without E. coli cells.  The resonance 
frequency change was monitored optically every 30 minutes by a position-sensitive 
detector (PSD).  No resonance frequency change was observed with the reference 
cantilevers.  The inoculated cantilevers showed a resonance frequency shift rate of ~ 
200 Hz/hr during the exponential growth phase, which was easily detected in ~1 hour.  
The mass-change sensitivity of the device was estimated to be 140 pg/Hz.  The 
exponential decrease in frequency was assumed to be due to growing cells; however, 
this was not confirmed correlation with growth kinetics or growth rate. 
More recently, Nugaeva et al.83 demonstrated a new cantilever-based 
biosensor for detecting vital spores of the fungus, Aspergillus niger.  The cantilever 
device was a silicon microfabricated array operated in dynamic sensing mode.  The 
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eight cantilevers in the array, each 500 μm long, 100 μm wide, 4 μm thick, were 
cleaned with Piranha and deionized water, then coated with anti-A. niger polyclonal 
antibody.   The immobilized sensor indicated an initial resonance frequency shift, due 
to binding on the sensor surface, 1-hr after exposure to the spore.  The sensor was 
then placed in a humidity chamber to promote favorable spore growth conditions, and 
a second shift was noted four hours later.  Scanning electron microscopy confirmed 
active spore germination during the second resonance frequency shift.  Assuming an 
average A. niger weight of 47 pg, the calculated mass-change sensitivity ranged 3 to 
53 pg/Hz for the first three modes. 
2.3.7 Physical Properties 
Several groups have used cantilever sensors to measure physical properties.  
Shih et al.84 used a piezoelectric unimorph cantilever as a viscosity and density 
sensor.  The fabricated cantilever was constructed of stainless steel and PZT, and was 
several centimeters long, ~ 1 cm wide, and ~ 500 μm thick.   An impedance analyzer 
was used to actuate the cantilever and detect the resulting resonance spectra.  Changes 
in frequency were then monitored as the sensor was immersed to depths of 1.5 and 
0.75 cm in water-glycerol solutions of 0, 50, 75, and 100 % glycerol by weight.  
Viscosity and density of the various solutions calculated from the resonance 
frequency change closely agreed with known values.  Some of the same authors used 
a self-exciting and self-sensing PZT/SiO2 cantilever to develop a humidity sensing 
test85.  In these experiments, two μm-scale sensors were placed in a chamber with 
constant temperature.  The humidity in the chamber was reduced using dry nitrogen, 
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and the changes were measured as resonance frequency shifts.  The detection process 
was reversible for humidity-increasing and decreasing cycles.   
Rijal et al.86 utilized a PEMC senor to detect density differences in aqueous 
solutions of glycerol, sodium chloride, and 1-propanol at mass fractions of 0 – 0.2 in 
an isothermal measurement system.  The cantilever was constructed of PZT and 
borosilicate glass, and had a sensing area of 3 mm2.  An impedance analyzer was used 
to actuate the device and collect the resonance frequency spectra.  After cleaning, the 
sensor was inserted into a temperature-controlled (± 0.2°C) flow cell and stabilized in 
deionized water at a flow rate of 0.5 mL/min.   After stabilization, 30 mL of the test 
solution was pumped through the chamber, the pump was stopped, and the resonance 
frequency was measured.  The sensor was capable of detecting density differences of 
a few μg/mL, and there was a good agreement with estimated density over the entire 
range (0.9698 – 1.0786 g/mL), with a modest departure at low mass fraction (~0.001) 
due to surface adsorption of solute87, 88.  PEMC sensors were also used to detect 
changes in liquid level in deionized water, 50 % v/v ethanol/water, and mineral oil89.  
Based on changes in resonance frequency, the added mass effects on the sensor were 
proportional to the displaced liquid mass.  This relationship provided a method for 
determining the cantilever's spring constant and added mass coefficient.  
A piezoelectric cantilever with a stainless steel tip was used for carrying out 
compression, shear, indentation, and indentation shear tests90.  The sensor was 
capable of measuring the elastic modulus and shear modulus, which led to the 
conclusion that the Poisson's ratio of a sample could be calculated.  The device was 
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also able to detect inclusions in a sample of modeling clay, using the indentation 
compression and shear test to generate 2-D elastic and shear moduli images.    
In addition to the measurements summarized above, cantilevers have been 
used to measure other physical properties, including temperature91-96, pressure94, 97, 98, 
viscosity99, 100, surface stress101, and Young's and shear moduli102. 
2.3.8 Detection in Real Matrices 
As discussed, the ability to detect trace molecules in complex solutions has 
numerous applications in many industries.  To date, however, cantilever-based 
technology has not provided simple methods for detecting biomolecules in solutions 
more complex than salt-buffer.  Currently available techniques require some sample 
preparation, and are limited by low sensitivity (pg/mL to ng/mL) and poor specificity 
in complex matrices with a high degree of background noise.  The lack of sensitivity 
and selectivity is particularly problematic for body fluids, such as blood, plasma, and 
urine, where many materials are present.   
Wu et al.103 utilized v-shaped silicon nitride cantilevers of various dimensions 
to detect prostate-specific antigen (PSA) in bovine serum albumin (BSA), human 
serum albumin (HAS), and human plasminogen (HP).  Following cleaning, a 25 nm-
thick gold film was deposited on the cantilever, and rabbit anti-human PSA was 
immobilized on the surface.  Free PSA solutions were prepared at concentrations 
ranging from 0.1 to 60,000 ng/mL.  The sensor was inserted in a flow cell and 
brought into contact with the PSA solutions under static conditions.  Cantilever 
deflection was measured as a function of time for different concentrations of PSA in 
BSA, HAS, and HP.  The lowest PSA concentration detected using a 200 μm long, 40 
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μm wide, and 0.5 μm thick cantilever was 6 ng/mL.  PSA was detectable at 0.2 
ng/mL when the dimensions of the cantilever were changed to 600 μm long, 40 μm 
wide, and 0.65 μm thick. 
Campbell and Mutharasan104 used piezoelectric-excited, millimeter-sized 
cantilever (PEMC) sensors to detect E. coli O157:H7 in ground beef samples.  The 
goal was to compare PEMC sensor cycle time and sensitivity to conventional plating 
techniques.  A modified sensor design with only PZT and glass layers was used.  The 
sensing surface was derivitized with an amine-terminal silane, and affinity-purified 
polyclonal antibody to E. coli O157:H7 was immobilized.  The sensor was inserted 
into a flow cell, and samples were introduced at a flow rate of 1 mL/min.  Samples 
and controls were prepared in Stomacher bags.  Pathogen samples consisted of 100 
mL of broth inoculated with 25 E. coli O157:H7 cells, 100 mL of broth with 25 g of 
raw ground beef, or 100 mL of broth with 25 g of sterile ground beef inocluated with 
25 cells.  Controls were 100 mL of broth with 25 g of sterile ground beef. The total 
resonance frequency changes after 2, 4 and 6 hours of growth were 16 ± 2 Hz (n=2), 
30 Hz (n=1), and 54 ± 2 Hz (n=2), respectively, for broth plus E. coli cells, and 21 ± 2 
Hz (n=2), 37 Hz (n=1), and 70 ± 2 Hz (n=2) for cells in ground beef.  The device was 
capable of 50-100 cells/mL in a ground beef background. 
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Chapter 3:  Piezoelectricity 
3.1 Introduction 
In the late 1800’s, Pierre and Jacques Curie demonstrated a connection between 
macroscopic piezoelectric phenomena and crystallographic structure, by measuring 
surface charges on specially prepared crystals that were subjected to mechanical 
stress105.  The Curies went on to identify a direct piezoelectric effect – the link 
between the electrical effects of temperature change and mechanical stress in a given 
crystal.  Piezoelectric theory was further developed by Lippman who, in 1881, 
mathematically deduced that, in addition to a direct piezoelectric effect, crystals 
exhibit a converse piezoelectric effect, i.e. stress in response to an applied electric 
field.   
Piezoelectric material changes its dimensions when stressed electrically by a 
voltage and generates an electric charge when stressed by a force.  In other words, 
piezo actuators convert electrical energy to mechanical energy, and piezo sensors 
convert mechanical energy into electrical energy105.  The ability to respond 
sensitively to weak stresses due to the direct piezoelectric effect, and to generate high 
strain via the inverse piezoelectric effect, allows one piece of piezoceramic material 
to behave as both an actuator and a sensor.  By the mid-1900’s, several families of 
piezoceramic materials had been fabricated by the sintering of metallic oxide 
powders.  These ferroelectrics were made to exhibit similar improvements in 
piezoelectric properties, and marked the discovery of easily manufactured 
piezoelectric ceramics with astonishing performance characteristics105.  These 
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characteristics give piezoelectric materials great potential for use in biosensors, 
specifically in piezoelectric-excited, millimeter-sized cantilever (PEMC) sensors.     
 
3.2 PEMC Physics  
A PEMC sensor is basically construced as a piezoelectric layer composed of 
lead zirconate titanate (PZT) bonded to a non-piezoelectric layer (quartz, borosilicate 
glass, etc.) using a conductive polyurethane.  The PZT layer is typically 1 – 5 mm 
long, 0.5 – 2 mm wide, and 127 μm thick.  The non-piezoelctric layer is typically 1 – 
5 mm long, 0.5 – 2 mm wide, and 160 μm thick.  The composite structure is made 
into an electrode using 30-gauge wire soldered to the top and bottom surface of the 
PZT.  The entire device is potted in non-conductive epoxy and cured overnight.  The 
sensor is electrically insulated with a layer of polyurethane ~ 10 μm thick.   
When an electric field is applied across the thickness of the PZT film, the field 
extends along the length of the sensor, causing the glass to bend.  If the applied field 
is periodically alternated, the composite cantilever vibrates.  The natural frequency of 
the cantilever depends on the flexural modulus and the mass density of the composite 
cantilever106.  The sensor resonates when the excitation frequency coincides with the 
natural mechanical frequency.  At resonance, the cantilever undergoes higher than 
normal bending stress, and the electro-mechanically active PZT exhibits a sharp 
change in electrical impedance, i.e. the phase angle between the excitation voltage 
and the resulting current changes significantly.  This change can be conveniently 
measured using an impedance analyzer89.   
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In general, the natural frequency of a beam with a flexural rigidity of EI, 
where E is the modulus of elasticity and I is the moment of inertia, can be obtained by 
solving the general equation representing transverse mechanical vibration given by 
Eq. (3-1).   
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In this equation, y is displacement in the thickness direction of the cantilever, x is 
length along the cantilever, τ is time, and ρ is density.  The term c0 is the damping 
parameter intrinsic to the cantilever material.  The parameter I is the moment of 
inertia (wt3/12) and t is the thickness.  A practical expression for the resonance 
frequency for sensing purposes is given in Eq. (3-2)74, 107  
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where ν`n2 are the eigen values, K is the effective spring constant, and Me is the 
effective tip mass74.  When the PEMC sensor is immersed in a liquid medium, the 
surrounding fluid acts as mass added to the cantilever and results in an additional 
inertial force (Eq 3-1) in phase with the cantilever motion.  In addition to the added 
mass effect, a dissipative force proportional to the velocity of the cantilever is 
included to describe the liquid behavior.  This added term is due to the delayed 
response of the fluid to cantilever motion, which results in a phase shift between the 
cantilever and fluid motions, respectively.  The parameters, ma and cv, represent the 
added mass per unit length of the cantilever and the added damping due to fluid 
motion, respectively.  In a PEMC sensor, the added mass term consists of two 
components: one due to fluid surrounding the cantilever, and the other due to bound 
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antigen on the surface.  Thus mae is the effective added mass of fluid at the cantilever 
tip.    In order to relate to emperically measured values, Eq. (3-2) can be rewritten as 
Eq. (3-3)  
ef
nfnfnf M
mfff Δ=−
2
1'       (3-3) 
where aeeef mMM += , the effective mass of the cantilever under liquid immersion, 
Δm is the equivalent mass of antigen attached to the cantilever, and nff and 'nff  are the 
resonance frequencies of the nth mode before and after antigen binding.  Rearranging 
Eq (3-3) gives an expression for mass-change sensitivity, σ (Eq. 3-4).   
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Eq. (3-4) indicates that, for the same cantilever mass, sensitivity is higher (i.e. has a 
lower numerical value) at higher resonance frequency ( nff ). 
One other important parameter that characterizes the movement of the cantilever 
is the quality factor, Q.  The quality factor of a resonator can be defined as 
W
WQ Δ=
02π        (3-5) 
where W0 is the stored vibrational energy, and ΔW is the total energy lost per cycle107.  
Under liquid immersed conditions, the quality factor can be defined as 
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where fnf is the nth mode resonant frequency, and the parameters, c0, cv, and mae, are 
constants for a given cantilever and the characteristic mode of vibration106.  
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Chapter 4 : Fabrication, Functionalization, and Characterization 
 
4.1 Fabrication 
Two types of PEMC sensor designs were used during the course of this work; 
the Traditional Design (Design A) and the Overhang Design (Design B).  The most 
significant development with respect to cantilever design was the discovery of higher 
order sensitive modes when the cantilever was constructed in the non-intuitive 
configuration known as the "Overhang Design" (Design B, Fig 4-1).  The traditional 
PEMC geometry (Design A) is also shown in Fig. 4-1 for comparison.  The Design A 
cantilever generated primary, secondary, and tertiary bending modes in air between 5 
and 500 kHz (Figure 4-2).  Since sensitivity increases as resonance frequency 
increases, the third bending mode is more sensitive than the second, which is more 
sensitive than the first.  With the discovery of the Design B cantilever, a highly 
sensitive resonance mode around 1 MHz was discovered.  The resonance spectra of a 
Design B cantilever in air is shown in Fig. 4-3.  Typical Q values (where Q is defined 
as a peak shape quality factor) range from 45 – 90 in air and 30 – 50 in PBS at 0.5 – 
1.0 mL/min.  These Q-values are sufficiently high enough to conduct experiments in 
flow based, liquid systems.  It is these higher order modes located at ~ 1 MHz that 
have been used successfully all detection experiments.  Table 4-1 lists a subset of the 
hundreds of cantilevers fabricated during this work and the location of the dominant 
resonance modes.  Table 4-2 lists the corresponding quality factors in air. 
 All cantilevers were fabricated from a piezoelectric (lead zirconate titanate, 
PZT; Type 5A, d31 = -190 x 10-12 m/V; 127 μm thick; Piezo Systems Inc, Cambridge, 
MA) layer bonded to borosilicate glass or fused silica layer (160 μm thick).  Design 
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A cantilevers were fabricated with free-end dimensions of 2 – 4 ± 0.005 mm, 1 – 2 ± 
0.005 mm, 160 ± 0.005 μm (L x W x t) fused silica and 0.5 – 4 0.005 mm, 1 – 2 ± 
0.005 mm, 127 ± 0.005 μm (L x W x t) PZT.  Design B cantilevers were fabricated 
with free-end dimensions of 2.1 – 4 ± 0.005 mm, 1 – 2 ± 0.005 mm, 127 ± 0.005 μm 
(L x W x t) PZT and 2 – 4 ± 0.005 mm, 1 – 2 ± 0.005 mm, 160 ± 0.005 μm (L x W x t) 
fused silica.  The PZT and fused silica pieces were precision diced (American Dicing 
Inc, Syracuse NY) prior to use.  The diced components were bonded using either 
polyurethane or a polyacrylate adhesive and left to dry for 30 – 60 minutes.  The top 
and bottom nickel surfaces of the PZT serve as the two electrodes.  Here, two lengths 
of 30 gauge wire were soldered to allow electrical excitation of the PZT.  One 
connectorized, the electroded end of the cantilever was potted in a glass tube with a 
non-conductive epoxy.  For the Design A cantilevers, both the PZT and fused silica 
were anchored in the epoxy base.  For the Design B cantilevers, the PZT alone was 
anchored in the epoxy base.  The glass (or fused silica) layer of each cantilever 
provides the surface for antibody functionalization.   
 
4.2 Functionalization 
Two types of surface chemistry were used to prepare the cantilevers sensing 
surface.  The first method involved surface amination and antibody activation prior to 
use.  The second method involved deposition of a gold base layer to attach the target 
antibody.  For the amination protocol, all exposed PZT was polyurethane coated p for 
liquid contact using a spin-coat, centrifuge-based method.  Next, the glass surface 
was sequentially cleaned with methanol–hydrochloric acid solution (1:1, v/v), 
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concentrated sulfuric acid, hot sodium hydroxide and finally boiling water. After 
cleaning, the glass surface was silanylated with 0.4% 3-aminopropyl-triethoxysilane 
(APTES) in deionized water at pH 3.0 (adjusted by hydrochloric acid, 0.1N) and 75 
°C for 2 h.  APTES reacts with glass leaving a free amine terminal for further 
reaction.  The carboxylic group present in the antibody was activated using the zero-
length cross-linker 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 
promoted by sulfo-N-hydroxysuccinimide (Sulfo-NHS) to form a stable reactive 
intermediate that is susceptible to reaction with primary amines. Covalent coupling of 
the stable intermediate with the amine-functionalized glass surface was carried out by 
flowing approximately 3 mL of activated antibody past the glass surface for 2 hours 
at 28 ± 0.2 or 30 ± 0.3 °C in a recirculation mode.  After each detection experiment, 
the sensor surface was renewed as per the above protocol.  This ensured that there 
were no carry over effects from one experiment to the next 
For the gold surface protocol, the fused silica portion of the cantilever was 
first cleaned with piranha solution (70%:30% volume ratios of H2SO4 and 30% 
H2O2), followed by DI water, and 99.8% ethanol, and dried in air.  The entire 
cantilever was coated with 15 – 30 μm of polyurethane using a centrifuge-based spin 
coat method and left to cure overnight at 80° C.  The entire coating sequence is 
repeated to ensure the cantilever is electrically insulated.  Next, one side of the fused 
silica was sputtered with 100 nm (1000  /) gold (99.9%) in a Denton Desk II 
Sputtering System (Denton Vacuum, New Jersey).  X-ray diffraction confirmed that 
surface was of greater than 90% Au<111>.  Protein G was then brought into contact 
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with the gold sputtered surface for a period of 75 – 90 minutes followed by the target 
antibody. 
 
4.3 Characterization 
In order to characterize a fabricated cantilever sensor, the quality factor (Q) 
and mass-change sensitivity (σ) was determined.  The quality factor is a measure of 
the resonance peak sharpness.  The numerical Q value is calculated as the ratio of the 
resonance frequency to the resonance frequency difference at half the peak height.  A 
higher Q value usually represents a more suitable peak for detection experiments.  If a 
resonance mode is more defined (higher Q), the peak can be tracked more rapidly 
using smaller frequency intervals.  The quality factor is also a measure of the inertial 
and viscosity driven dissipative losses.  An increase in viscocity of the fluid 
surrounding the cantilever will attenuate the peak height while causing a peak 
broadening.  Both peak changes result in a decrease in Q.  Additionally, the fluid 
surrounding the cantilever will act as an added mass on the sensor resulting in a 
resonance frequency and quality factor decrease.  In order to use a resonance peak for 
mass change detection, a minimum Q-value of 10 is desired under fully immersed 
conditions.   
Mass-change sensitivity is a measure of the smallest mass that can cause a 
unit change in resonance frequency and is measured in units of grams/Hz (g/Hz).  
Fabricated sensors had their mass-change sensitivity determined experimentally by 
three different methods.  First, each sensor was characterized by measuring its 
resonance spectrum in air, in vacuum (20 microns Hg), and under water immersion 
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conditions.  The change in resonance frequencies under different physical conditions 
provides data for calculating mass-change sensitivities108.  Previously, we have 
classified sensors that have a resonance mode shift of ~50 k Hz upon water 
immersion to be modestly sensitive.  The simple immersion of the sensor in water is a 
rough approximation of the estimated sensitivity.   
The second method that was used to experimentally obtain mass-change 
sensitivity was with thiol molecule attachment on the sensor surface under constant 
room temperature conditions (P=1 atm, T=23°C).   The vapor deposition of a gold 
layer on the glass surface yields a predominantly polycrystalline (111) surface that 
serves as the base for thiol molecules to attach.  The steric configuration of a 111 
polycrystalline gold surface forms a lattice structure that allows for attachment of a 
sulfur molecule with bond energy similar to that of a covalent bond.  11-
Mercaptoundeconic acid is a ten carbon molecule with a carbohydrate at one end and 
a sulfur group at the other end.  Solutions of various concentrations of 11-
Mercaptoundeconoic acid were prepared in a 5% ethanol /DI solution.  A 1 μL 
droplet of the lowest concentration was placed on the gold sensing surface and the 
resonance frequency change was monitored as the droplet evaporated.  The resonance 
frequency value at the end of the evaporation was compared with the initial value and 
the total resonance frequency change due to the added thiol molecules was calculated.  
This was repeated in 10 x concentration increments until saturation was observed.  
Experiments were repeated to enhance quality of data.  
Sequential additions of bovine serum albumin (BSA) and staphylococcus 
enterotoxin B (SEB) were also used to determine mass-change sensitivity.  After gold 
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deposition, the antibody was immobilized to the sensor surface.  Detection 
experiments were conducted with solutions of protein and toxin in PBS at ag/mL to 
pg/mL concentrations and the mass-change sensitivity was calculated.   
 In addition to mass-change sensitivity, the limit of detection (LOD) in the 
current experimental arrangement was determined for Design A and B sensors.  
Protein solutions (BSA or CA-125) of decreasing concentration were exposed to the 
antibody immobilized sensor surface and the resonance frequency change was 
monitored.  This was continued until no observable frequency change was seen when 
a lower concentration of antigen was introduced.  The frequency change was plotted 
as a function of added mass and the minimum observable limit of detection was 
determined.   
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Table 4-1 
Table 4-1. The physical dimensions of PEMC sensors in millimeters and the resonant frequency 
of the dominant modes in air. The lengths PZT anchor, Overlap, and Glass Extension correlate 
to the stated dimensions of PZT and glass in Figure 4-1.  
 
PEMC 
 
Length (mm) 
Width 
(mm) 
 
Resonant frequencies in air (Hz) 
 PZT Anchor 
Overl
ap 
Glass 
Extension  f1 F2 f3 f4 f5 f6 f7 
A 0 1.27 2.03 1.016 20000 72000 ------ ------ ------ ------ ------ 
B 1.70 1.00 1.30 1.016 162740 187000 ------ 1889900 2002500 4968700 ------ 
C 1.00 2.00 1.00 2.032 169000 194000 976250 1245300 2884900 4599500 ------ 
D 1.00 2.20 1.10 2.032 187000 288000 ------ 1001300 1270400 2841000 4668000 
E 1.40 1.90 3.00 2.032 143970 200290 857350 988770 ------ 2803500 4562000 
F 1.40 2.00 3.00 1.016 143900 ------ 1814800 1958700 ------ ----- ------ 
G 1.00 1.50 0.20 1.016 250000 650000 850000 1650000 ------ ------ 4650000 
H 0.60 0.9 0.80 1.016 200000 ------ 1000000 1550000 1900000 ------ 4500000 
I 0.50 2.00 0.80 2.032 163000 ------ 913000 1025000 2862500 ------ 4400000 
J 0.50 2.50 0.80 2.032 ------ ------ ------ ------ 1950000 ------ ------ 
K 1.90 1.80 1.00 2.032 193000 300000 900000 1018000 2887500 ------ 4456300 
L 1.80 1.60 3.10 2.032 155000 ------ 891000 982000 Not scanned above 1.1 MHz 
M 1.00 1.50 0.60 1.016 200000 ------ 850000 950000 1800000 ------ 4750000 
N 0.50 1.60 3.80 1.016 19500 62000 165000 875000 920000 Not scanned above 1.1 MHz 
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Table 4-2 
Table 4-2. The quality factors of the corresponding resonant peaks listed in Table 4-1 for the 
different PEMC sensors. The quality factors were determined as the ratio of the resonant 
frequency to the peak width at half the peak height and therefore, it’s a measure of the sharpness 
of the resonant peaks. 
  
Quality factors in air 
PEMC  Q1  Q2 Q3 Q4 Q5 Q6 Q7 
A 30 48 ------ ------ ------ ------ ------ 
B 26 10 ------ 34 46 45 ------ 
C 15 15 12 12 51 92 ------ 
D 10 12 ------ 10 32 45 49 
E 24 11 66 27 ------ 56 24 
F 11 ------ 59 26 ------ ------ ------ 
G 3 13 17 11 ------ ------ 23 
H 5 ------ 33 16 15 ------ 30 
I 14 ------ 37 28 29 ------ 40 
J ------ ------ ------ ------ 13 ------ ------ 
K 25 30 50 28 59 ------ 45 
L 11 99 35 ------ ------ ------ ------ 
M 5 ------ 9 10 9 ----- 30 
N 40 43 21 58 46 ------ ------ 
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Figure 4-1 
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Figure 4-1. 2-D schematic of Design A and Design B cantilevers.  The impact of manipulating 
overall PZT and glass lengths has been explored using Finite Element Modeling. 
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Figure 4-2 
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Figure 4-2. Change in phase angle as a function of frequency for a design A (traditional) 
cantilever.  The first three bending modes are located at 23.5, 65.5, and 150.0 kHz, respectively. 
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Figure 4-3 
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Figure 4-3. Phase angle versus frequency for a typical design B (overhang) cantilever.  Note the 
sharp resonance mode located at ~ 1 MHz. 
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Chapter 5 : Developing a Finite Element Model for Mass-change sensitivity of 
Cantilever Sensors: Comparison of Theory and Application 
 
5.1 Abstract 
Using finite element computer simulation, the resonance characteristics and 
the mass-change sensitivity of a piezoelectric-excited millimeter-sized cantilever 
sensor were obtained and compared with experimentally determined values.  We 
show for the first time that approximate analytical models do not predict mass-change 
sensitivity of cantilever sensors of non-uniform cross section. On the other hand, 
finite element model (FEM) is a better approach for determining the performance of 
such sensors. Specifically, FEM of piezoelectric excited millimeter-sized cantilever 
sensors (PEMC) gives sensitivity values that are in reasonable agreement with 
experimentally determined values of 20 pg/Hz, reported earlier. The approximate 
analytical model predicts resonance frequency of PEMC within 10% error, but it 
under predicts mass-change sensitivity by three orders of magnitude.    FEM analysis 
of first and second resonance mode frequencies of a sample of ten PEMC sensors of 
various geometries were found to compare favorably (~ 2 to 4 %) with experimental 
values.  Mass sensitivity determined using FEM is within a factor of three of 
experimental values. Through simulations we discover two important properties of 
the PEMC sensors: (1) The sensitivity is a strong function of attached mass.  
Specifically, sensitivity is the highest at low attached mass. (2) PEMC sensors 
become less sensitive with increasing attached mass, which results in sensors that 
exhibit wide dynamic range of six logs. 
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5.2 Introduction 
 Piezoelectric-excited, millimeter-sized cantilever (PEMC) sensors that weigh 
~ 1 mg with a second mode resonance frequency of 72.5 kHz were experimentally 
found to have a sensitivity of 20 pg/Hz 109, which is approximately three orders of 
magnitude more sensitive than predicted by approximate analytical models (discussed 
in next section). The purpose of this report is to examine the discrepancy with a 
detailed numerical modeling of the dynamics of the cantilever sensor.  We show that 
finite element model (FEM) predicts both resonance frequency and mass-change 
sensitivity values that agree with experimentally found values 109.  We then use the 
model to examine the effects of sensor dimensions on resonance frequency and 
sensitivity.  Finally we apply the model to determine sensitivity of sensors reported 
by other researchers and compare the results with the reported experimental results.   
 
The use of resonating microcantilever sensors for biological and chemical 
analytes has been investigated extensively 9, 10, 34, 110.  Micron-sized cantilevers are 
pursued based on the idea that the smaller the sensor mass is, the higher is the mass 
sensitivity, which has been shown theoretically by several investigators 12-16.  While 
such sensors exhibit excellent sensitivity in gas phase, their response in liquid 
environment is over damped, rendering them unusable in the dynamic mode 10, 17, 111.  
Therefore, millimeter scale cantilever sensors for liquid phase detection have been 
investigated and were found to provide sensitive measures with high mass-change 
sensitivity 44, 56-58, 109, 112, 113.  Therefore, we wish to ascertain their sensitivity from a 
detailed numerical model and examine how the mode affects sensitivity.  
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For ease of reference, we define mass-change sensitivity (or simply 
sensitivity) as the ratio of change in mass of the sensor to the resulting frequency shift 
and is expressed in mass per unit Hz.  For example, the nanometer-scale cantilever 
sensors weighing ~1 pg showed sensitivity of 10-19 g/Hz at a resonance frequency of   
~ 6 MHz 16.  
 
5.3 Sensitivity of Higher Order Modes 
As noted earlier, smaller cantilever sensors exhibit high sensitivity. Another 
strategy to achieve high sensitivity is to use higher resonant modes which is being 
investigated by several laboratories including ours 58, 114, 115.  These investigations 
have lead to mass-change sensitivity improvements comparable to micron-sized 
cantilevers 115, 116.  For example, we found the second order mode of a PEMC 
sensitive enough to measure continuously chemisorption of 1-hexadecanethiol at 1 
nM74. 
 
The resonance frequency of a cantilever of uniform cross section is: 
n
e,n
1 kf
2 mπ=     (5-1) 
where 4e,n nm 3m / λ= . The variable e,nm is the equivalent mass of the cantilever 
sensor at the nth resonance mode 115, 117, m is the mass of the sensor and nλ is the nth 
eigen value of the associated dynamic equation.  The first three eigen values are 
1.8751, 4.6941 and 7.8548 (for example see: 106).  As the mode number increases, the 
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effective mass decreases.  The parameter k is the effective spring constant in the 
bending mode, and is given as 3zk 3E I / L=  where E is effective Young’s modulus, 
Iz is the moment of inertia and L is the cantilever length.  At a given mode, the mass-
change sensitivity in air (σna) can be derived from Eq.(5-1) as: 
e,n e,n
na
n n
m 2m
f f
σ Δ −= =Δ      (5-2) 
where fn is the resonance frequency of nth mode in air.  The above indicates that for 
the same cantilever mass, sensitivity is higher (meaning a lower numerical value) at 
high mode resonance frequency (fn).   
 
5.4 Materials and Methods 
5.4.1 Numerical Model 
The purpose of the numerical model is to determine resonance frequency and 
the eigen frequency for a given cantilever geometry, and then to examine how 
resonance frequency changes as we add mass to the cantilever at various positions.  
The cantilever is represented by the three-layer geometry of PZT of thickness tp, 
adhesion layer of thickness ta, and glass layer of thickness tg, and is illustrated in Fig 
5-1 insert. The three layers are anchored at one end.  We assume that the encapsulated 
material does not deform.  Since the expected deformation is small at the excitation 
level used (100 mV), we have assumed plane stress model to represent the dynamics.  
We assume zero deflection at the anchor point (A in Fig. 5-1, insert).  Continuity of 
strain is assumed at all interfaces.  All materials are assumed to be isotropic except 
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PZT.  Constitutive equations that represent the electric field and mechanical 
deformation of the PZT layer are given by: 
EeScT E ′−=      (5-3) 
EeSD Sε+=      (5-4) 
where T, S, E, and D denote stress, strain, electric field, and electric displacement (or 
induction), respectively.  cE is the elasticity tensor evaluated at a constant (zero, short-
circuit) electric field open circuit), e is the piezoelectric tensor, and εS is the dielectric 
impermeability measured at constant (zero, clamped) strain.  In this work, finite 
element modeling (FEM) software, COMSOL 3.2 (COMSOL Group, Burlington, 
MA), was used.   
 
5.4.2 Resonance Frequency Calculation 
COMSOL’s FEMLAB software comprises three basic elements, design, 
solving, and post-processing.  In the design phase, a computer-aided design (CAD) 
system was used to draw the PEMC sensor with various dimensions (Lp and Lg; Fig. 
5-1, insert).  Material properties for the PZT, glass, and adhesive layers were assigned 
(Table 5-1).  Properties of PZT and glass were from the vendor (Piezo Systems, Inc; 
Cambridge, MA) and (SPI Supplies; West Chester, PA), respectively.  The adhesive 
layer modulus was estimated from 118.  The number of elements used was increased 
with each successive step such that the resonance frequencies determined converged 
within 0.01%.  Typically the number of elements ranged from 11,000 to 45,000 for 
the various geometries investigated.  Initial charge in PZT, initial stress, and external 
force were set to zero.  Using the principle of virtual work option, resonance 
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frequencies of the finite element model were computed.  An eigenvalue solver was 
used for determining resonance frequencies and eigenvalues.  As a check, cantilevers 
of uniform cross-section yielded eigenfrequency values within an accuracy of several 
part per million. 
 
5.4.3 Mass-change sensitivity 
Once the model was shown to accurately predict resonance frequency, 
simulation was carried out to determine sensitivity characteristics. The dimensions of 
the PEMC sensor used in the simulations was from our previous work109, and were Lp 
= 1.2 mm and Lg = 3.5 mm.  A single 10 pg mass (1 μm3; ρ = 1 x 104 kg/m3, E = 1 x 
108 Pa, ν = 0.27) was placed at the tip location (x=3.5 mm; see Fig 5-1) and the 
change in resonance frequency was computed.  Next, the calculation was repeated for 
various Lp and Lg values to determine the effect of sensor geometry on sensitivity.  
Finally, the location of the point mass was incrementally changed along the sensor 
length and the resulting resonance frequency and the mass-change sensitivity values 
were determined.  
 
5.4.4 Approximate  Analytical Model 
We rely on adapting relationships that have been developed for uniform cross-
section cantilevers to obtain approximate analytical expressions for resonance 
frequency of PEMC sensors74.  The piezoelectric-excited millimeter-sized cantilever 
(PEMC) sensor (inset in Fig 5-1), contains a lead zirconate titanate (PZT) layer that 
acts both as an actuating and sensing element . The resonance frequency relationship 
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in Eq (5-1) was modified to accommodate the non-uniform cross section. We 
approximate the effective spring constant or bending modulus of the two-layer 
construction as that of the two layer section 56,   
( )( )
( )
2 2 4 2 4 2 2
p p g g p g p g p g g g
3
p p p g g
3w E t E t 2E E t t 2t 2t 3t t
k
12L E t E t
+ + + += +   (5-5) 
The mass of the two layer construction is 
( ) ( )p p g g p g g pm t t w L t w L L= ρ + ρ + ρ −    (5-6) 
 
In the above subscripts p and g refer to PZT and glass, w is the width of the 
cantilever. The eigen values for the two-layer PEMC sensor are computed by solving 
Euler-Bernoulli model of the PEMC sensor. The eigenvalues of the first two modes 
were determined from eigen frequency 119: 
4
EI
Afnn
ρλ =     (5-7) 
where A=w(tp + tg) and is the cross-sectional area of the sensor and EI = k/3.  The 
mass-change sensitivity was determined using the calculated eigen values and the 
resonance frequency determined using FEM in Equations (5-2), (5-5), and (5-6).   
 
5.4.5 Cantilever Fabrication and Analysis 
The PEMC sensors were fabricated as described previously 56.  The 
dimensions Lp and Lg (Fig. 5-1, Insert) were measured using a SZM stereomicroscope 
(Kyowa) and a digital caliper accurate to the hundredth of a millimeter.  Following 
fabrication, the sensor was connected to an impedance analyzer (Agilent, HP 4192A 
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or HP 4294A) interfaced to a PC with LabVIEW® application for obtaining 
impedance and phase angle measurements in the frequency range of 5 kHz to 200 
kHz.  All experiments were conducted at room temperature (23.6 ± 0.2 °C).  
5.5 Results and Discussion 
5.5.1 Resonance characterization 
Over fifty cantilever sensors were fabricated and used in the referenced 
experiments, and we present typical characteristics observed with a subset of ten, and 
is summarized in Table 5-2.  FEM prediction of the first and second resonance mode 
determined using the methods described earlier and the sensor dimensions are 
included in Table 5-1.  Each of the analyzed sensors showed a distinct first and 
second mode in the frequency range 5 – 200 kHz. A typical resonance spectrum, 
given in Figure 5-1, shows first and second resonance modes occur at 19.5 and 72.5 
kHz, respectively.    Error parameter (ei = (fnum – fexp)/fexp; where fnum and fexp are the 
model and experimental resonance frequencies, respectively) showed an average ei of 
-2 ± 4 % (n = 10) for the first mode and 4 ± 5 % (n = 10) for the second mode,  
indicating good agreement between the model and experimental values.  
The sensitivity for each sensor was calculated from Eq. (5-2).  The resonant 
frequencies predicted by FEM were used to calculate first and second mode the 
sensitivity (Eq (5-2) and (5-5 to 5-7)) of the first and second mode.  The average 
effective mass of the ten sensors (Table 5-2) ranged from 27 mg to 701 μg at first and 
second modes.  Sensitivities (Eq. 5-2) are 1.25 ± 1 (n=10) μg/Hz and 14.7 ± 13 
(n=10) ng/Hz, for the first and second modes, respectively.  The experimentally 
measured sensitivity 109of the second mode (fn = 72.5 kHz) was about three orders of 
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magnitude higher (20 pg/Hz) than the value of 14.7 ng/Hz predicted by Eq. (5-2).   
We address this difference in the next section. 
 
5.5.2 Comparison of Mass-change sensitivity: FEM versus Experimental 
FEM calculations of the sensor with Lp = 1 mm and Lg = 3 mm 109 gave a 
second mode resonance frequency of 75.9 kHz, which is within ~ 4 % of the 
experimental value.  The FEM simulation showed a mass-change sensitivity of 2.2 
pg/Hz for the second mode with a 10 pg addition at the tip location (x = 3 mm), and is 
in close agreement with the experimental results. Experimentally, sensitivity was 
determined by adding silicone oil with a 20 μm diameter tip.  Since sensitivity is a 
function of position of the added mass, the location of the mass addition was varied 
from Lg = 3 mm to Lg = 0.5 mm, and the resulting sensitivity ranged from 2.2 to 16.5 
pg/Hz with an average value of 8.9 pg/Hz.  The experimental mass-change sensitivity 
differs from the finite element model prediction by a factor of 2 and is likely to be 
due to the material properties used in the calculation as well as experimental 
variability.  In order to examine the sensitivity of the finite element model results, 
dimensions and elastic modulus values used in simulation were varied randomly by 
10%, and the sensitivity showed only small variations and remained in the range of 
2.2 to 9.2 pg/Hz. We conclude, therefore, that the sensitivity predicted by the finite 
element model is much closer to the experimentally found values while the 
approximate analytical models are quite inaccurate for cantilevers of non-uniform 
cross section, such as the PEMC sensor. 
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5.5.3 Effect of Sensor Geometry on Resonance Frequency 
 Having determined that reasonable prediction of sensitivity is obtained with 
the finite element model, we characterize the influence of varying the lengths of the 
PZT and glass on first and second resonance mode behavior are given in Fig. 5-2.  To 
examine the fundamental characteristics, the resonance frequency values are plotted 
as a function of dimensionless length (ζ = Lp/Lg) for various overall cantilever 
lengths.  In Fig. 5-2, the mode shape of the sensor (insert) obtained by FEM is 
included with the color indicating stress as a function of position (red = high; blue = 
low).  One notes in Figure 5-2, the location of maximum resonance frequency occurs 
in the range of ζ = 0.50 – 0.61 for the various cantilever lengths (2.0 to 3.5 mm) 
examined.  The location of the maximum is influenced by the mechanical properties 
of PZT and glass, and their relative thicknesses.  It is interesting to note that as the 
overall length is decreased from 3.5 mm to 2.0 mm (a decrease of 43 %), the 
resonance frequency increases from 24 to 71 kHz, an increase of ~ 300 %.  For a 
uniform cross section cantilever sensor whose resonance frequency is inversely 
proportional to the square of the length 120, a decrease in length of 43 % would result 
in a frequency increase of ~ 350 %.  The second mode behavior shown in Figure 5-2b 
exhibits two maxima that are nearly of equal magnitude, whose locations for the two 
lengths investigated are at ζ = 0.27 and ζ = 0.8.  The resonance frequency increases 
by 87 % for a 29 % reduction in overall length.  For a given cantilever, Equation 5-2 
predicts the mass-change sensitivity to increase (numerical value of σna decreases, see 
Eq. 5-2) as the resonance frequency increases.  Furthermore, for a given resonance 
mode, the higher the resonance frequency is, the more sensitive it becomes.  The 
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length ratio provides insight on the value of Lp and Lg that may be used for 
fabricating the sensor.  The calculations indicate that minimizing the total length of 
the glass bonded to the PZT will allow for as much as 80 % and 40 % increase in the 
first and second mode sensitivity, respectively.  Additionally, a length ratio can be 
chosen to provide the highest resonance frequency for a given resonance mode.   
 
5.5.4 Effect of Sensor Dimensions on Sensitivity 
FEM was used to evaluate the effects of ζ on mass-change sensitivity and the 
results are given in Fig. 5-3 for the first and second mode.  The PEMC sensor is more 
sensitive when constructed with ζ ranging from 0.1 – 0.6, with a relatively constant 
sensitivity between 0.7 and 0.9.  Congruent with elastic beam theory, a higher 
resonance frequency led to a more sensitive device.  The short PEMC sensor (Lg = 
2.5 mm) gave a higher resonance frequency and resulted in a lower mass-change 
sensitivity (Figures 5-2A and 5-3A).  The sensitivity of the second mode was lowest 
with ζ that also gave the highest resonance frequency (Figure 5-3B).  The plot of 
sensitivity versus ζ follows a similar trend shown for resonance frequency versus ζ 
(Fig. 5-2B).  However, the lowest values for mass-change sensitivity (most sensitive) 
were located at resonance frequency maxima.  Additionally, the sensitivity of the 
second mode was one order of magnitude higher for the 2.5 mm sensor compared to 
the 3.5 mm sensor. This is due to the 40 % higher resonance frequency obtained with 
the shorter sensor.  We conclude by noting that geometries that maximize second 
mode resonance frequency are likely to yield the highest sensitivity.   
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5.5.5 Sensitivity Varies with Added Mass 
The effect of added mass (10 pg to 1 μg) at various locations (A – F) on 
sensitivity of the second resonance mode was examined for the cantilever with Lg = 
3.5 mm and Lp = 1.2 mm; See Fig. 5-4A.  Positions A, B, C, D, E, and F are at x = 
1.2, 1.5, 1.8, 2.7, 3.1, and 3.5 mm from the anchor point (A in Fig 5-1), respectively.  
The response (Figure 5-4A) shows a non-linear dependence of resonance frequency 
shifts with added mass for the second mode.  The responses to lower mass additions 
(Fig. 5-4B) show the response to be near-linear within a narrow range.  Location F, 
the tip position located 0.8 mm from the node exhibited the largest response.  Mass 
additions at the node (x = 2.7 mm) caused the lowest response (0 Hz) followed by the 
position E (0.1 Hz), which is half-way (0.4 mm) between the node and the tip.  As the 
added point-mass increased, the response to additions at the tip (Point F) was three to 
four times higher than the changes found at the other five locations.  At the node (D), 
large increases in mass (200 pg) cause only a small response (0.11 Hz).  This is an 
expected result as the deflection at the node is theoretically zero, and thus oscillating 
mass change is zero.  When a large mass such as 200 pg is added, the node position 
shifts from 2.700 to 2.699 mm, and the observed response of 0.11 Hz is due to the 
mass being at a non-nodal position.  The resonance frequency shift increased to 0.81 
Hz at 1 ng and 430 Hz at 1 μg, as the node moved from 2.699 mm to 2.702 mm, 
confirming that the increase is indeed due to the shift in the node position.  
 The average mass-change sensitivity was determined for the six locations, and 
ranged from 10 to 902 pg/Hz, for 10 pg addition.  The lowest average sensitivity was 
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12.5 pg/Hz for mass addition at the tip.  This is significantly lower than the 
fundamental mode sensitivity (94 pg/Hz) for the same position.  
 The change in resonance frequency at the node and tip are compared for 
added masses ranging from 1 pg and 1 μg, and is given in Figure 5-4C.  Figure 5-4C 
shows that a resolvable resonance frequency change is not observed until the addition 
at the node exceeds 1 ng, confirming the estimated sensitivity noted above.  The 
curve in Figure 5-4C for the tip loading shows a log-linear response between 1 pg and 
100 ng with saturation occurring beyond 100 ng. The response in Fig 5-4C can be 
mathematically represented by log(f) = a + b log(m), where f is the change in 
resonance frequency, m is the added mass and, a and b are sensor constants.  That is, 
sensitivity (σ= m
f
Δ
Δ ) at a particular value of added mass (m*) is given by (σ=
*m
bf
).  
Note that the sensor response is more sensitive at smaller m* than at large m*.  For 
example, for the case illustrated in Fig 5-4C, at the location F, for m*=10 pg,  σ is 8 
pg/Hz while for m*=100 ng, σ is 80 ng/Hz.  This is an interesting, but reported 
property of the sensor.  Two very attractive features of the sensor become evident 
from a measurement perspective. Namely: (1) The sensor is most sensitive at low 
analyte concentration.  Note that σ is proportional to m*.  (2) The sensor has a large 
dynamic range as it become less sensitive at higher m*.  In the current example the 
sensor response is significant for 10 pg to 10 μg attachment, about six logs range.  
These results are consistent with the experimental response of antibody-immobilized 
PEMC sensor response to Bacillus anthracis in the concentration range of 300 
spores/mL to 3 million spores/mL 57.  
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5.5.6 Average mass sensitivity 
The first and second mode average mass-change sensitivity of the sensor (Lg = 
3.5 mm and Lp = 1.2 mm) was determined for point mass additions at the tip, the 
middle, and the base ranging from 1 pg to 100 ng, and is given in Fig 5-5.  The first 
mode sensitivity varies by three orders of magnitude; namely, 19.7 pg/Hz, 89.8 
pg/Hz, and 19.8 ng/Hz for mass additions at the tip (F), the middle (C), and the base 
(A), respectively.  On the other hand, the second mode exhibited a much smaller 
dependence on location – 6.2, 27.2, and 18.1 pg/Hz, for the same three positions.  
Other sensor geometries exhibited similar large dependence on position for the first 
mode while for the second mode the variability was far lower.  This is due to the very 
strong dependence of sensitivity to distance between the node (zero-deflection; 
anchor point) and the location of the added mass.  In the case of first mode, the 
distance from the node (anchor point) is 3.5, 1.8, and 0.1 mm for the tip, middle, and 
base locations, respectively.  The second mode has two nodes, one at the anchor point 
(x = 0) and a second at x = 2.7 mm.  For the second mode, the same tip, middle, and 
base locations are located at 0.8, -0.9, and 0.1 mm from the nearest node, 
respectively.  That is, the added mass locations were not only nearer to the nodes, but 
the ratio of largest distance to the smallest is also smaller.  We conclude therefore, the 
second mode mass sensitivity is less sensitive to mass location.   
 
5.5.7 Comparison of Simulation, Experiment, and Approximate Analytical 
Model 
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In order to examine the accuracy of the finite element model for predicting 
sensitivity, we simulated published cantilever sensors and compared resonance 
frequency and sensitivity with the reported values.  We examined six cases, and the 
results are summarized in Table 5-3.  Cases 1-4 12, 60, 63 were silicon microcantilevers 
with uniform cross-section ranging in lengths from 3.6 to 21 μm, widths from 1.7 to 9 
μm, and thickness from 30 to 200 nm.  Case 5 14 is a polycrystalline silicone 
cantilever 10 μm long, 0.5 μm wide and 160 nm thick, and Case 6 109 is one from our 
laboratory on millimeter sized two-layer cantilever sensor.  All of the cases chosen 
for comparison, except 109, used the first resonance mode for measurement.  For cases 
1 – 5 the resonance frequency was calculated from f0 = (1/2π)(√ k/m*), where m* is 
the equivalent mass of the cantilever and k is the spring constant calculated from k = 
Et3w/4L3.  63.  The calculated resonance frequencies (FEM) showed small errors (ei); -
2.5, 22, -8, and 5 % for cases 1, 3, 5, and 6, respectively.  Case 3 showed a 20 % 
difference and may be due to resonance frequency value reported by the authors.  The 
finite element model did not agree with the experimental resonance frequencies for 
Cases 2 and 4, which showed ei = 120 and 506 %, respectively. The difference is 
likely to be due to the reported spring constant value.  For example, the authors 
calculated the spring constant in Case 2 as 0.006 N/m using the experimentally 
determined resonance frequency.  On the other hand, the spring constant (k = 
Et3w/4L3) determined from the cantilever dimensions and property (density = 2,330 
kg/m3, dimensions (3.6 μm long, 1.7 μm wide, and 30 nm thick), Young’s modulus of 
131 GPa) resulted in a value of 0.0322 N/m, a ~ 80 % difference. If the authors’ value 
of k is used, ei decreases to 4.7 %.  The material properties for Case 1 – 4 used in the 
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simulation (density = 2330 kg/m3, ν = 0.27, and E = 131 GPa) may be different from 
the properties of the actual material used in experiments.  It is important to point out 
that the difference, however, is not due to small variation in the properties.  For 
example, a 10 and 20 % difference in elastic modulus would decrease the resonance 
frequency by 5 and 10 %, respectively. 
 
The approximate analytical model was also used to determine the resonance 
frequencies of the six cases and the error parameter ei (where fnum is the value from 
the analytical model) were -2, 23, -7, and -9 % for the Cases 1, 3, 5, and 6, 
respectively.  Again, Cases 2 and 4 gave a much larger error due to the spring 
constant value used.  One notes that in most cases, the approximate analytical model 
and finite element model agree on resonance frequency values.  However, in cases 
where the material properties lead to differences in spring constant values, neither 
model agreed with the experimental results. 
 The sensitivity of the six cantilever sensors (Table 5-3) was calculated from 
resonance frequency determined from three sources: experiment, finite element 
model, and approximate analytical model (Eq. 5-2).   In all cases FEM model gave 
sensitivity values within one order of magnitude while the approximate analytical 
model gave values within two orders of magnitude of the experimental values.  The 
differences were almost four orders of magnitude for the non-uniform cross-sectional 
PEMC sensor (Case 6). Based on these results, it is reasonable to conclude that the 
elastic beam theory accurately predicts resonance frequency values but does not 
predict mass-change sensitivity well. This is primarily because mass sensitivity is a 
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function of position on the sensor for the first mode and varies by three orders of 
magnitude.  The approximate analytical solution is a good approach for determining 
mass-change sensitivity for a simple, single-layer cantilever with uniform cross-
section.  However, it under predicts mass-change sensitivity for three of the cases 
noted earlier.  Additionally, as the design departs from the single-layer uniform beam, 
the accuracy of the analytical prediction decreases.  As a result, a detailed analysis in 
the form of finite element model gave improved values comparable to experimental 
values within one order of magnitude. 
 
5.6 Conclusion 
We conclude that the approximate analytical model does not predict mass-
change sensitivity for a cantilever of non-uniform cross-section (Case 6 - PEMC).  
However, it is to be noted that the approximate model does agree with sensitivity 
values for the four of the five reported uniform cross-section cantilevers.  In the only 
case where good agreement was not found, it is attributed to discrepancy in the spring 
constant value used.  We also showed that the location of the added mass affects first 
mode sensitivity by three orders of magnitude, while for the second mode the 
sensitivity variation is far less and is within a factor of three.  Another important 
conclusion drawn is that sensitivity is a strong function of added mass. The PEMC 
sensors exhibit highest sensitivity at the lowest mass addition. The decrease in 
sensitivity with added mass also gives rise to wide dynamic range of PEMC sensors, 
exhibiting six-logs range from 10 pg to 10 μg.  
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Table 5-1 
Table 5-1. Material properties of the PEMC sensor for computer simulation 
Material Density (kg/m3) 
Young's 
Modulus 
(Pa) 
Elastic 
Constant 
(Pa) 
Piezoelectric 
Constant 
(C/m2) 
Poisson's 
Ratio 
Silica 
Glass 2,203 73.1 x 10
9 - - 0.17 
PZT 7,800 5.2 x 1010 c11 = 1.27 x 1011  0.33 
   c12 = 8.02 x 1010 e13 = -6.62  
   c13 = 8.47 x 1010 e23 = -6.62  
   c33 = 1.17 x 1011 e33 = 23.2  
   c44 = 2.30 x 1010 e52 = 17.0  
   c55 = 2.30 x 1010 e61 = 17.0  
   c66 = 2.35 x 1010   
Adhesive 1,000 1.0 x 108 - - 0.33 
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Table 5-2 
Table 5-2. Experimental and predicted resonance frequency characteristics for ten PEMC 
sensors. 
Cantilever 
Designation 
Dimensions 
(mm) 
Experimental 
Resonance Frequency 
Numerical Model 
Resonance frequency 
 Lp Lg 1st Mode 2nd Mode 1st Mode 2nd Mode 
A 0.70 2.70 28.5 136.0 28.6 130.3 
B 0.90 2.30 49.5 173.0 49.0 178.2 
C 1.00 2.30 41.0 116.5 41.4 119.7 
D 1.00 2.00 19.5 80.5 18.0 89.6 
E 1.00 2.00 21.0 87.0 18.0 89.6 
F 1.00 3.00 18.0 72.5 18.2 75.9 
G 1.20 3.20 27.5 102.8 26.2 110.0 
H 1.40 2.80 29.5 72.5 27.9 74.4 
I 2.30 4.30 15.0 134.5 15.6 151.4 
J 2.30 3.00 26.5 113.0 26.2 109.7 
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Table 5-3 
Table 5-3. Resonance frequency and mass-change sensitivity determined either by experiment, 
finite element model, and analytical model (Eq. 5-2).  The table highlights five reported 
cantilevers.  
 
Case Dimensions Resonance Frequency (fn) (kHz) Mass Change Sensitivity (σna) (g/Hz) 
 Length (μm) 
Width 
(μm) 
Thickness 
(nm) 
Experimentally 
determined fn 
fn 
Predicted 
by FEM* 
fn Predicted 
by ~ 
analytical 
model* 
Experimentally 
determined σna 
σna Predicted 
by FEM* 
σna Predicted 
by 
approximate 
analytical 
model* 
1 
(Johnson et al. 
2006) 
21 9 200 563.1 549.0 552.4 7.5 x 10-17 1.5 x 10-17 7 x 10-17 
2 
(Gupta et al. 
2004b) 
3.6 1.7 30 1,270 2,804 2,820 1.6 x 10-19 5.0 x 10-19 8 x 10-19 
3 
(Johnson et al. 
2006) 
6 4 200 5,510 6,728 6,767 1.8 x 10-17 3.0 x 10-18 1 x 10-18 
4 
(Davila et al. 
2007) 
20 9 200 100 606 609 1.1 x 10-16 3.0 x 10-17 2 x 10-16 
5 
(Ilic et al. 
2004a) 
10 0.5 160 2,475 2,280 2,293 5.7 x 10-18 9.0 x 10-17 2 x 10-19 
6 
(Campbell 
and 
Mutharasan 
2006) 
Lp = 1.0 mm 
Lg = 3.0 mm 1.0 mm 
tp = 127 μm 
tg = 160 μm 72.5 75.9 65.7 1.6 x 10
-11 2.0 x 10-12 5 x 10-8 
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Figure 5-1 
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Figure 5-1. Typical resonance spectrum showing the first and second primary resonance modes.  
The Q values for the first and second mode are 30 and 48, respectively.  INSERT: 2-D schematic 
of the PEMC sensor showing overall design lengths of PZT (Lp) and glass (Lg). 
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Figure 5-2 
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Figure 5-2. The effect of ζ on resonance frequency at glass lengths between 3.5 and 2 mm.  Panel 
A: 1st resonance mode. Insert: 2-D Finite element model showing the first resonance mode. Panel 
B: 2nd resonance mode. Insert: 2-D Finite element model showing the second resonance mode. 
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Figure 5-3 
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Figure 5-3. The effect of ζ on mass-change sensitivity at glass lengths between 3.5 and 2 mm.  
Panel A: 1st resonance mode.  Panel B: 2nd resonance mode. 
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Figure 5.4 (continued) 
Figure 5-4 
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Figure 5.4 (continued) 
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Figure 5-4. Change in frequency versus added mass for the second mode for a cantilever with Lp 
= 1.2 mm and Lg = 3.5 mm. Panel A: Frequency response due to point mass additions at six 
different locations along the cantilever.  Point A is located at the base, B is located one half the 
distance between the point of maximum deflection and the base, C is the point of maximum 
deflection, D is the node location, E is located one half the distance between the node and the tip 
and F is the tip location.  Panel B: Change in frequency versus added mass for the first three 
mass additions.  Panel C: Change in resonance frequency for the tip and node locations over the 
evaluated range.  The point mass loading at the tip and nodal locations determined an estimated 
mass-change sensitivity of 20 pg/Hz and 1 ng/Hz, respectively. 
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Figure 5-5 
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Figure 5-5. Change in mass-change sensitivity over the operating range of the PEMC device. 
Panel A: 1st resonance mode.  Panel B: 2nd resonance mode. 
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Chapter 6: Optimization of antibody immobilization for sensing using 
piezoelectric-excited millimeter-sized cantilever (PEMC) Sensors 
 
6.1 Abstract 
The effectiveness of antibody immobilization on sensor performance was 
evaluated using a piezoelectric-excited millimeter-sized cantilever (PEMC) sensor 
and a model protein, bovine serum albumin (BSA).  The immobilization parameters – 
antibody and activation reagent concentration and reaction time were systematically 
varied and the resultant sensor response to 1 pg/mL BSA was measured.   
The highest frequency shift due to BSA attachment (1,931 ± 60 Hz) was 
obtained when 100 μg/mL antibody solution was activated with EDC (2 mM) and 
sulfo-NHS (5 mM) for 30 minutes prior to reaction with primary amine on the sensor 
surface.  Increasing activation time from 30 to 60 minutes resulted in an 8% decrease 
in sensor response, while activation at 0.2 mM EDC and 0.5 mM NHS resulted in a 
65% decrease. The logarithmic correlation between antibody concentration and 
sensor response suggests that a lower antibody concentration of 10 μg/mL is 
sufficient for BSA at 1 pg/mL.  With 10 μg/mL antibody, the PEMC sensor response 
was 725 ± 50 Hz (n=2) for 1 pg/mL BSA with a signal to noise ratio of 41.  
6.2 Introduction 
Biosensor-based immunoassays have been developed for various applications 
including medical diagnostics, detection of bio-threat agents, environmental 
monitoring and pathogen and toxin detection in food samples. The immuno-sensor 
function is based on selective binding of antigens to antibodies by molecular 
recognition. The antibody is immobilized on the sensor enabling transduction of 
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antigen binding into electrical, mechanical, optical, magnetic or other signal 
generation. 
Previous work has examined the reaction chemistry used to immobilize 
antibodies to glass sensor surfaces121-124. The primary focus of these reports has been 
on optimizing the antibody reaction to the functionalized surface which was evaluated 
by measuring the amount of antibody immobilized125-127. While a sensor’s 
performance is strongly dependent on antibody surface density and its availability to 
react with the antigen of interest, the amount of antibody that results on the sensor 
may not directly translate into sensor performance. This is because immobilization 
can cause some of the antibody to lose binding activity due to one of the following 
three factors: (a) direct chemical medication of the antigen-binding site, (b) steric 
hindrance by the surface itself and (c) steric hindrance by adjacently immobilized 
antibodies128. Few studies address biosensor performance as a function of reaction 
conditions used to prepare the antibody-immobilized surface. Therefore, we report 
here optimizing the sensing performance of immobilized antibody on a cantilever 
biosensor.  
 Recently, we showed that piezoelectric-excited millimeter-sized cantilever 
(PEMC) sensors, comprised of a piezoelectric layer acting as an actuating and a 
sensing element, and a borosilicate glass surface for antibody attachment, provided a 
sensitive platform for detection of a model protein44 and pathogens56. PEMC sensors 
respond to changes in mass that occur due to binding of the target molecules to the 
sensor surface. When the antigen binds to the antibody immobilized on the sensor 
surface, the effective mass of the cantilever increases which alters the cantilever’s 
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resonant frequency. Monitoring the resonant frequency change with time provides 
quantitative measures of the target antigen in the sample.  
 In the above applications, we immobilized antibody covalently to surface 
amine groups on the glass surface. In these studies, we demonstrate the detection of 
large antigens while keeping the procedure for antibody immobilization constant. To 
evaluate the effectiveness of antibody immobilization methods on sensor 
performance, in this study, we use a 66 kDa model protein, bovine serum albumin, as 
the target antigen. There is limited work demonstrating the impact of antibody 
immobilization on a sensor’s ability to detect proteins in solution121, 125. In this short 
note, we investigate the effects of systematically varying three parameters during 
surface functionalization and antibody activation, to determine the change in sensor 
response when it is subjected to a solution of target antigen.  
6.3 Antibody Immobilization 
 To immobilize an antibody to the surface, two essential preparations are 
required. First, the glass surface must be functionalized so that covalent bonding with 
the antibody can be facilitated. Secondly, the functional group on the antibody must 
be activated to expedite the reaction with a surface functional group.  
In order to functionalize the glass surface prior to reaction with an antibody, 
several techniques may be employed. While many methods are available for 
immobilizing antibody to surfaces122, 129-132 we limit the present immobilization 
investigation to the silanization of glass surfaces.  
 There are three major silane compounds employed for the immobilization of 
biomaterials; mercaptopropyltrimethoxysilane (terminal thiol group), 
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aminopropyltriethoxysilane (terminal amine group) and 
glycidoxypropyltrimethoxysilane133. During the course of our work, the glass surface 
was silanylated with 0.4% 3-aminopropyl-triethoxysilane (APTES) in deionized 
water to add a free amine terminal. This amine terminal is available for further 
reaction with the activated carboxylic group on an antibody.  
Covalent coupling of the antibody to the sensor surface is accomplished by 
chemically activating the carboxylic group on the antibody which will then form 
peptide bonds with the functionalized surface. Hermanson134 provides a protocol for 
efficient two-step coupling of proteins (1 mg/mL) in solution using the zero-length 
cross-linker 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC) and promoted by 
sulfo-N-hydroxysuccinimide (sulfo-NHS). A modification of this protocol was 
successfully used for attaching antibodies to glass surfaces for detecting BSA at 1 
μg/mL44 and pathogens at 700 bacteria/mL56. To optimize this protocol, an 
experimental plan was developed that systematically challenged one of three 
immobilization parameters, EDC and sulfo-NHS concentrations, antibody activation 
time and antibody concentration. The aim of this optimization is to improve the 
amount of active antibody immobilized on the sensor surface.  
6.4 PEMC Sensor 
Details of PEMC fabrication and its response characteristics have been 
previously reported44. The cantilever tips were designed with the PZT layer, 4 mm × 
1 mm (length × width), bonded to the glass layer, 2 mm × 1 mm (length × width), 
such that the 2 mm of glass is available as a surface for antibody immobilization and 
antigen detection. Several cantilevers were fabricated and used in the various 
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experiments reported in this paper. Since the cantilevers are made individually and 
manually, no two have exactly the same resonance characteristics. Therefore, we used 
the same cantilever in all of the experiments so that a suitable comparison can be 
made. The resonant peak used to conduct the experiments reported in this paper 
occurred in air at 952.15 ± 0.05 kHz with a Q-factor of 21. When immersed in PBS 
solution and subjected to a flow rate of 0.5 mL/min, the resonant peak decreased to 
904.05 ± 0.05 kHz with a Q of 18.  
6.5 Materials and Methods 
6.5.1 Immobilization procedure  
The procedural steps used to functionalize the cantilever sensor surface and 
activate the target antibody are schematically represented in (Figure 6-1). The glass 
surface was sequentially cleaned with methanol–hydrochloric acid solution (1:1, v/v), 
concentrated sulfuric acid, hot sodium hydroxide and finally boiling water (Fig. 6-1, 
Step I). After cleaning, the glass surface was silanylated with 3-aminopropyl-
triethoxysilane (APTES) in deionized water at pH 3.0 (adjusted by hydrochloric acid, 
0.1N) and 75 
◦
C for 2 h (Fig. 6-1, Step II). The carboxylic group present in the 
antibody was activated using EDC promoted by sulfo-NHS to form a stable reactive 
intermediate (Fig. 6-1, Step IIa). Covalent coupling of the stable intermediate with the 
amine-functionalized glass surface was carried out by flowing the activated antibody 
past the glass surface (Fig. 6-1, Step III). 
6.5.2 Experimental design 
All reagents were purchased from Sigma–Aldrich or Fisher Scientific. Three 
immobilization parameters were varied: antibody concentration, activating agent 
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concentration (EDC and sulfo-NHS) and antibody activation time. The experimental 
conditions are summarized in (Table 6-1) (labeled as surface preparations A–F). The 
covalent coupling of the stable intermediate with the silanylated glass surface was 
carried out at 30 
◦
C for 2h and was kept constant in all experiments. Every sensing 
experiment started with sensor surface being renewed starting with the cleaning 
procedure outlined earlier. This ensured that there were no carryover effects from one 
experiment to another. Immobilization and detection were carried out at 30 ± 0.3 
◦
C in 
a jacketed flow cell at a flow rate of 0.5 mL/min. To identify the optimum-response to 
antigen, the three immobilization parameters were varied. A 5 mL aliquot of 10 
μg/mL a-BSA (from 15 mg/mL stock solution) was activated using EDC and sulfo-
NHS to the exact concentrations listed in Table 6-1. After activation, the EDC was 
quenched with 2-mercaptoethaonl. Subsequently, hydroxylamine (10 mM) was 
flowed past the antibody-immobilized sensor for 15 min to ensure deactivation of the 
unused activated carboxyl groups. After a 15 min PBS flush, sensor was exposed to10 
mL of 1 pg/mL BSA at 0.5 mL/min in a single pass mode. A second PBS flush (pH 
7.4) was performed post-detection followed by a release buffer (pH 2.0) to release the 
attached antigen. Finally, a PBS flush was carried out until the resonant frequency 
value reached steady state. The above exact sequence was carried out for all surface 
preparations A–F. To confirm that the sensor response was due to antigen binding, 
both a positive and a negative control were carried out at the same temperature and 
flow rate. The positive control was response of PEMC sensor that was not prepared 
with the antibody to 1 pg/mL BSA. Negative control was the response of antibody-
immobilized PEMC sensor to PBS at 0.5 mL/min. 
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6.6 Results and Discussion 
Approximately 20 cantilever sensors were fabricated and used in the a-
BSA/BSA detection experiments. Of these, 15 had resonance characteristics in air 
between 930 and 990 kHz and Q values from 20 to 35 indicating a high degree of 
reproducibility (within ∼6%) from sensor to sensor. The sensors used in the 
experimental plan were chosen from the subset of fifteen exhibiting similar 
characteristics. For brevity and quantitative performance comparison of the various 
surface preparations, the data from one cantilever is presented in this report. Surface 
preparations C and F were repeated in duplicate to confirm the original results 
obtained and were chosen due to the large sensor response that occurred during 
detection. 
(Figure 6-2) shows the sensor response with a 952 kHz resonant peak to BSA 
attachment. In all cases, the frequency response showed a rapid decrease during the 
first 15 min followed by a slower change that reached a constant value within 30 min. 
In the case of the positive and negative controls, both yielded essentially a zero 
response of 3 ± 13 (n = 14) and 20 ± 18 Hz (n = 1). In the protocol outlined above, 
the molar ratio of EDC to antibody required was approximately 200, which 
corresponds to 1600 μg of EDC to 40 μg of antibody. After a 10-fold decrease of 
EDC and sulfo-NHS, the reagents were still 20 times in excess per mole of antibody. 
However, such a decrease resulted in a 65% decrease in sensor response. 
Additionally, by lowering the activating reagent concentration, the amount of 
reagents required was 40 and 110 μg of EDC and sulfo-NHS, respectively. This 
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quantity is far too small to measure accurately with conventional laboratory 
equipment.  
The effect of antibody concentration while keeping all other immobilization 
parameters constant can be seen by examining the responses from surface 
preparations C, E and F. Table 6-1 shows that doubling the antibody concentration 
from 10 to 20 μg/mL during the activation step resulted in an almost twofold increase 
in frequency change due to antigen attachment. However, a five-fold increase in 
antibody concentration from 20 to 100 μg/mL only resulted in a 40% increase in 
sensor response. These results suggest a logarithmic relationship between antibody 
concentration and sensor response. Logarithmic correlation of the results generated in 
surface preparations C, E and F yielded an excellent fit of y = 520 ln(x) − 455, where 
y is the sensor response in Hz and x is the antibody concentration in μg/mL, with a 
correlation coefficient of 0.99. One fact that is widely recognized when working with 
immunoassays is the high cost of antibody reagents. Due to reagent cost, it is useful 
to identify an optimal concentration of antibody that will result in an observed 
frequency response during antigen attachment. An antibody concentration can be 
selected if it provides a sensor response to antigen with a signal to noise ratio of over 
10; that is, the change in resonant frequency during antigen detection should be a 
minimum of 10 times greater than the sensor’s noise level. A response of this 
magnitude was obtained using an antibody concentration of 10 μg/mL.  
Assuming a distance of 17.1 nm between the Fab regions of anti-BSA135, the 
estimated amount of anti-BSA required to completely cover the sensor surface is 2.17 
ng. Even though 10, 20 and 100 μg/mL are far in excess, complete surface coverage 
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with antibody cannot be assumed. It is reasonable to suggest that antigen detection 
depends on accessible active antibody sites and the probability of antigen coming in 
contact with it. Increasing the antibody concentration resulted in an increase in 
accessible active antibody sites. Additionally, by increasing antibody concentration, 
the number of active sites was increased due to an increased probability of an 
antibody attaching to the surface. A second factor that may influence the antibody 
immobilization is the contact time at the surface. Contact time at the sensor surface 
was constant in all experiments as the flow rate was kept constant at 0.5 mL/min 
during immobilization.  
Increasing antibody concentration also promotes antibody to antibody reaction 
in the bulk, because antibody molecules have primary amines that will readily react 
with activated carboxylic groups on another antibody. Such a reaction may result in 
less active site available for subsequent antigen attachment. The result of surface 
preparation D falls into this category. However, increasing the concentration of 
antibody from 20 to 100 μg/mL did increase the observed frequency shift during 
antigen attachment suggesting that any increase in antibody–antibody cross-linking 
reaction that occurred was mitigated by increased accessible and active antibody on 
the sensor surface. 
 The effect of antibody reaction time while keeping all other immobilization 
parameters constant can be seen by examining the sensor response in surface 
preparations B–D in Table 6-1. The highest frequency change due to antibody 
attachment occurred in surface preparation D. As the antibody activation time was 
increased, additional time is available for antibody–antibody cross-linking reaction to 
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occur. Cross-linked antibody may have resulted in an increase in detected mass 
change, but may have resulted in less active sites being available for antigen 
attachment due to occupancy of the active sites. Table 6-1 shows that doubling the 
antibody activation time from 15 to 30 min resulted in a 25% increase in sensor 
response. On the other hand, increasing the antibody activation time from 15 to 60 
min resulted in an 8% decrease, suggesting that an optimum antibody activation time 
is between 30 and 60 min.  
BSA bound to the antibody-immobilized surface can be released by changing 
the pH of the medium. After BSA detection, a release solution (10 mM PBS/HCl; pH 
2.0) was flowed past the cantilever surface. As a result, the resonant frequency 
increased, indicating release of the antigen. The frequency change resulting from the 
release of the antigen was within 20% of the frequency change observed during the 
antigen-binding event.  
The effect of flow on the kinetics of binding is best quantitatively determined 
using the approach reported previously44, 56. At time close to 0, there are no 
concentration gradients, and thus diffusion effects are absent. Since the bulk 
concentration of BSA (Cb0) is known accurately at t = 0, limiting the rate analysis to 
the initial time period was shown as a good approach to determine kobs74. Fitting the 
sensor response to BSA detection presented in Fig. 6-2 to Eq. (6-1) gives straight 
lines with excellent correlation  
τobskf
ff −=⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ
Δ−Δ
∞
∞ln     (6-1) 
coefficients ranging from 0.90–0.96 for surface preparations A–F (figure not shown). 
The slope of each line gives the observed characteristic binding constant, kobs (Table 
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6-1). The observed binding rate constant doubled when antibody concentration 
increased from 10 to 20 μg/mL. However, further increases in antibody concentration 
did not result in a proportional increase in binding rate constant. Increasing the total 
activation time from 15 to 30 min led to a 30% increase in binding rate constant, 
while increasing the activation time to 60 min led to a 40% decrease in binding rate 
constant.  
6.7 Conclusions 
It was shown that an antibody concentration of 100 μg/mL activated with 
EDC (2 mM) and sulfo-NHS (5 mM) for 30 min gave the largest sensor response. 
The logarithmic correlation between antibody concentration and sensor response 
suggests that a lower concentration is sufficient to detect BSA at 1 pg/mL. 
Immobilization with 10 μg/mL antibody gave a response for 1 pg/mL BSA with a 
signal to noise ratio of 15.  
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Table 6-1 
Table 6-1. Composition of various surface preparations.  Observed frequency change as a result 
of antibody immobilization and BSA attachment for surface preparations A-F.  kobs values of 
BSA for surface preparations A-F shown in Figure 6-2.  In the case of n=1, +/- SD refers to the 
noise level in peak location measurement.  For n=2, +/- SD refers to variation from two different 
repeat experiments. 
0.4011,931 ± 60 (n=2)
8,915 ±
2,670 (n=2)15203052100F
0.3901,126 ± 13 (n=1)
4,100 ± 23 
(n=1)1520305220E
0.063502 ± 28 (n=1)
18,300 ± 40 
(n=1)1520605210D
0.179725 ± 50 (n=2)
1,505 ± 190 
(n=2) 1520305210C
0.111546 ± 11 (n=1)
890 ± 29 
(n=1)1520155210B
0.151189 ± 7 (n=1)
540 ± 30 
(n=1)152150.50.210A
kobs (min-1)ΔfBSA (Hz)ΔfAb (Hz)
2-
Mercaptoethanol 
reaction time 
(min)
2-
Mercaptoethanol 
(mM)
EDC + sulfo-NHS 
reaction time 
(min)
Sulfo-NHS 
(mM)
EDC 
(mM)
a-BSA 
(μg/mL)
Surface 
Preparation
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Figure 6-1 
OH
Fab
Fc
Fab
Fc
COOH
Fab
Fc O
Fab
Fc O
O
N
O
S
Activation (EDC + sulfo-NHS)
Silanylation 
(APTES)
Cleaning (MeOH/HCl, Sulfuric Acid,
Sodium Hydroxide, Distilled Water)
SURFACE 
FUNCTIONALIZATION
ANTIBODY 
ACTIVATION
Borosilicate Glass
PZT
O
H2C CH2
(CH2)3
+NH3
O
O
O Si
H2C CH2
(CH2)3
N
O
O
O Si
H
C O
O-
O-O
O
H3C CH3
H3C CH3
 
Figure 6-1. Surface functionalization, antibody activation, and antibody immobilization on a 
cantilever’s sensing surface.   
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Figure 6-2 
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Figure 6-2. Resonant frequency change as BSA (1 pg/mL) binds to the antibodies on the sensor 
surface.  Each surface preparation (A-F) corresponds to a distinct antibody concentrations, 
antibody activation chemical concentrations, and antibody activation time as summarized in 
Table 1.  The largest shift was observed using a 100 micrograms/mL antibody activated in a 2 
mM EDC and 5 mM NHS solution for 30 minutes.  The activation was quenched with 2-
mercaptoethanol (20 mM) for 15 minutes.  Control I was PBS (pH 7.4) flowing at 0.5 mL/min 
past an antibody-immobilized sensor.  Control I response was 2.9 +/- 13.4 Hz.  Control II was 
BSA at 1 pg/mL flowing at 0.5 mL/min past a clean sensor that did not contain immobilized 
antibody.  Control II response was 19.6 +/- 18.2 Hz. 
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Chapter 7: Mass-change sensitivity of Piezoelectric-Excited Millimeter-Sized 
Cantilever (PEMC) Sensors:  Comparison of Theory and Experiment 
7.1 Abstract 
We report here a new calibration method for determining mass-change sensitivity 
by measuring the frequency response of piezoelectric-excited millimeter-sized 
cantilever (PEMC) sensors due to known amounts of added mass.  The chemical 
calibration method monitors resonance frequency shifts due after 1 μL additions of 
known mass (11-mercaptoundeconoic acid) to the sensor surface.  As the added mass 
is increased from 100 ag to 100 fg in concentration increments of 10 x, the mass-
change sensitivity decreases from 1 to 2, 3, 57, and 492 ag/Hz, respectively (n=4).  
Over the concentration range analyzed, the average mass-change sensitivity is 115 
ag/Hz.  Similar results were achieved for a second sensor which gave an average 
sensitivity of 92 ag/Hz over the same range of added mass.  We also provide a 
comparison of numerical finite element model (FEM) predictions with experimentally 
obtained values of resonance frequency and mass-change sensitivity for a variety of 
experimental cases.  We show that FEM predicts resonance frequency values that 
agree within 2% with our experimentally determined values reported earlier and gives 
mass-change sensitivities within one order of magnitude.  We show that the PEMC 
sensor sensitivity is the highest at low attached mass. Additionally, PEMC sensors 
become less sensitive with increasing attached mass, which results in sensors that 
exhibit wide dynamic range.  Lastly, we show that mass-change sensitivity is a 
function of the medium of detection.  More specifically, our results show a 2.5 x 
improvement in sensitivity when determined in vacuum versus liquid. 
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7.2  Introduction 
In a recent report we showed piezoelectric-excited, millimeter-sized cantilever 
(PEMC) sensors, weighing ~ 1 mg exhibits dominant resonance modes between 800 
– 1200 kHz, that were used to monitor self-assembly of thiol molecules at 1 fM 1 and 
detect proteins at 2.5 fg/mL2, 3.  These sensors were shown to have a mass-change 
sensitivity ranging from 0.3 to 1.2 fg/Hz3.  The purpose of this report is to establish, 
from a first principles formulation without approximations, the mass-change 
sensitivity of PEMC sensors.  We also introduce a novel experimental technique for 
calibrating the sensor at attogram level.  We develop a finite element model (FEM) to 
predict both resonance frequency and mass-change sensitivity values that agree with 
experimentally found values.  We use the model to examine the sensitivity of PEMC 
sensors previously reported by our group.    
 
Resonating microcantilever sensors have been investigated for sensing over 
the last fifteen years4-6.  To achieve high sensitivity, researchers use micron- and 
nanometer- sized sensors 7-11.  The small sized cantilevers are pursued based on the 
idea that the smaller the sensor mass is, higher is the mass sensitivity, which has been 
shown theoretically by several investigators 7-11.  While such sensors exhibit excellent 
sensitivity in gas phase, their response in liquid environment is over damped, 
rendering them unusable in the dynamic mode 5, 12, 13.  Therefore, millimeter scale 
cantilever sensors for liquid phase detection have been investigated and were found to 
provide sensitive measures with high mass-change sensitivity 
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For ease of reference, we define mass-change sensitivity (or simply sensitivity) as 
the ratio of change in mass of the sensor to the resulting frequency shift and are 
expressed in mass per unit Hz.  For example, the nanometer-scale cantilever sensors 
weighing ~1 pg showed sensitivity of 10-19 g/Hz at a resonance frequency of   ~ 6 
MHz 9.   
 
7.3 Sensitivity of High Order Modes 
Miniaturizing the cantilever sensor increases the sensitivity.  One can achieve 
the same results using high order flexural resonance modes 1-3, 14-17.  Such 
investigations have lead to comparable mass-change sensitivity improvements 3, 15, 18.  
A practical expression for obtaining the resonance frequency of a cantilever whose 
cross section is uniform is given by: 
n
e,n
1 kf
2 mπ=     (7-1) 
where 4e,n nm 3m / λ= . The variable e,nm is the equivalent mass of the cantilever 
sensor at the nth resonance mode 15, 19, m is the mass of the sensor and nλ is the nth 
eigen value of the associated dynamic equation.  The first three eigen values are 
1.8751, 4.6941 and 7.8548 (for example see: 20).  For eigen modes greater than 5, 
2
)12( πλ −≅ nn 15.  As the mode number increases, the effective mass decreases 
rapidly.  The parameter k is the effective spring constant in the bending mode, and is 
given as 3zk 3E I / L=  where E is effective Young’s modulus, Iz is the moment of 
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inertia about the neutral axis and L is the cantilever length.  At a given mode, the 
mass-change sensitivity in air (σna) can be determined from Eq.(7-1) as: 
e,n e,n
na
n n
dm 2m
df f
σ −= =      (7-2) 
where fn is the resonance frequency of nth mode in air.  The above indicates that for 
the same cantilever mass, sensitivity is higher (meaning a lower numerical value) at 
higher resonance frequency (fn).   
 
The piezoelectric-excited millimeter-sized cantilever (PEMC) sensor shown in Fig 7-
1, is fabricated with a lead zirconate titanate (PZT) layer that acts as both an actuating 
and sensing element 21.   For details on its characteristics, the reader is referred to 
Maraldo, et al.3.  The mass-change sensitivity was determined experimentally in 
liquid and vacuum for small molecules and proteins and compared with the finite 
element model prediction (see below).  The finite element model is a estimated 
solution to the mathematical model describing the dynamics of the cantilever sensor 
22.  
 
7.4 Materials and Methods. 
The cantilever is represented by the three-layer geometry of PZT of thickness 
tp, adhesion layer of thickness ta, and non-piezoelectric layer (glass or fused silica) of 
thickness tg, and is illustrated in Figs 7-1A and 7-1B. The three layers are anchored at 
one end.  We assume that the encapsulated material does not deform.  Since the 
expected deformation is small at the excitation level used (100 mV), we assume plane 
stress model to represent the dynamics.  We also assume zero deflection at the anchor 
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point (Figs. 7-1A-B).  Continuity of strain is assumed at all interfaces.  All materials 
are assumed to be isotropic except PZT.  Constitutive equations that represent the 
electric field and mechanical deformation of the PZT layer are given by 23: 
EeScT E ′−=      (7-3) 
EeSD Sε+=      (7-4) 
where T, S, E, and D denote stress, strain, electric field, and electric displacement (or 
induction), respectively.  cE is the elasticity tensor evaluated at a constant (zero, short-
circuit) electric field open circuit), e is the piezoelectric tensor, and εS is the dielectric 
impermeability measured at constant (zero, clamped) strain.  In this work, finite 
element modeling (FEM) software, COMSOL 3.2 (COMSOL Group, Burlington, 
MA), was used.   
 
7.4.1 Resonance Frequency Calculation 
COMSOL’s FEMLAB software comprises three basic elements, design, 
solving, and post-processing.  In the design phase, a computer-aided design (CAD) 
system was used to draw the PEMC sensor with various dimensions (Lp, Lp-gap, and 
Lg; Figs. 7-1A-B).  Material properties for the PZT, non-piezoelectric layer, and 
adhesive layers were assigned (Table 7-1).  Properties of PZT, fused quartz, and glass 
were from vendor supplied data (Piezo Systems, Inc; Cambridge, MA, SPI Supplies; 
West Chester, PA, and Fischer Scientific; respectively).  The adhesive layer modulus 
was estimated from 24.  The total number of elements in each simulation ranged from 
11,000 to 45,000. The number of elements used was increased with each successive 
step such that the resonance frequencies determined converged within 0.1 %.  Initial 
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charge in PZT, initial stress, and external force were set to zero.  Using the principle 
of virtual work option, resonance frequencies of the finite element model were 
computed.  An eigenvalue solver was used for determining resonance frequencies and 
eigenvalues.  As a check, cantilevers of uniform cross-section yielded eigenfrequency 
values within an accuracy of several part per million when compared with the 
analytical model (Eq. 7-1). 
 
7.4.2 Mass-change sensitivity 
We determine mass-change sensitivity using various different experimental 
methods.  We use the finite element model described above to calculate the sensitivity 
of eight reported sensors.  A brief summary of the methods is given here.   
 
Mass-change sensitivity – Chemisorption in Air 
We report a new experimental method for determining mass-change 
sensitivity using thiol chemisorption on a gold surface.  Two sensors (PEMC-1: Lp = 
3.70 mm, Lp-gap = 0.70 mm, and Lg = 4.00 mm and PEMC-2: Lp = 2.70 mm, Lp-gap = 
0.50 mm, and Lg = 4.00 mm) were used in this experiment and are reported in Table 
7-2 below.  After fabrication, the sensor was coated with ~ 100 nm of gold that 
yielded a predominantly polycrystalline (111) surface.  Solutions of various 
concentrations of 11-Mercaptoundeconic acid (MUA) were prepared in water 
containing 5% ethanol.  A 1 μL droplet of the lowest concentration was placed on the 
gold sensing surface and the resonance frequency change was monitored as solvent 
evaporated.  MUA chemisorbs on sensor surface via the thiol group.  The frequency 
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value at the end of the evaporation was compared with the initial value and the total 
frequency change due to the added thiol molecules was calculated.  Further additions 
were made in 10 x concentration increments.   
 
Mass-change sensitivity – Chemisorption in Ethanol 
Mass-change sensitivity on a gold coated PEMC sensor (PEMC-3; Lp = 3.50 
mm, Lp-gap = 0.50 mm, and Lg = 4.00 mm) was determined by full and partial surface 
saturation in vacuum and liquid.  Surface saturation was accomplished by exposing 
the sensor to thiol solutions of increasing concentrations from 1 fM or 1 pM up to 1 
mM.  For sensitivity determination in vacuum (50 mTorr, 23 0C), the resonance 
frequency of the sensor was first determined prior to detection.  The gold-coated 
sensor was exposed to saturating solutions of 1-hexadecanethiol (HDT) in ethanol, 
followed by resonance frequency determination at 50 mTorr and 23 0C.  The resulting 
resonance frequency was lower than the initial value and the mass-change sensitivity 
was determined.  Similar experiments were performed in a flow cell maintained at 30 
± 0.1 °C.  Resonance frequency was recorded before and after thiol exposure and the 
sensitivity was calculated. 
In another experiment, the gold-coated sensor (PEMC-4; Lp = 3.50 mm, Lp-gap 
= 0.50 mm, and Lg = 4.00 mm) was chemisorbed to surface saturation with various 
chain length thiols (1-octadecanethiol (ODT), HDT, 1-undecanethiold (UDT), 1-
octanethiol (OT), 1-butanethiol (BT) in ethanol)1 and the resulting resonance decrease 
was recorded.  The mass-change sensitivity for each alkanethiol was calculated.      
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Partial saturation was determined in liquid and vacuum using the same 
technique described above; however, concentrations of HDT were chosen to avoid 
surface saturation.  PEMC-3 was exposed to 1 pM HDT and the resonance frequency 
change in vacuum was used to estimate sensitivity.  A similar experiment was done 
with PEMC-4 at 1 fM and 10 fM additions of HDT.  In all thiol chemisorption 
experiments, the control was thiol-free ethanol.   
 
Mass-change sensitivity – Wax Additions 
 Resonance frequency change of PEMC-5 and 6 (Table 7-2) to additions of 1, 
2, and 4 pg wax (prepared by depositing 0.5 μL paraffin in hexane or toluene) in 
vacuum (50 mTorr, 23 0C) enabled sensitivity determination3.  Controls were run to 
determine the resonance frequency shift due to pure hexane and toluene additions. 
  
Mass-change sensitivity – Chemisorption of Thiolated DNA 
 Liquid phase sensitivity evaluation was conducted using a large molecule, 
thiolated, single stranded DNA (ssDNA).  In this set of experiments, frequency 
decrease due to chemisorption of a 15-mer strand of thiolated-ssDNA probe (5.1 kDa) 
on a gold coated PEMC sensor (PEMC-7, Lp = 3.10 mm, Lp-gap = 0.50 mm, Lg = 4.00 
mm) was obtained starting at 1 aM to 1 μM  in increments of 10 x in concentration. 
The frequency change due to the initial addition was used to determine mass-change 
sensitivity assuming that all of the entering strands chemisorbed to obtain a numerical 
higher bound on mass-change sensitivity.  Control was a 10 mM Tris-HCl, 1 mM 
EDTA buffer (TE; pH = 8.0). 
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Mass-change sensitivity –Antibody-Mediated Attachment of Antigen 
Liquid sensitivity of two biomolecules, bovine serum albumin (66 kDa; 
PEMC-5) and staphylococcus enterotoxin B (28 kDa, PEMC-8) were determined by 
exposing the antibody-immobilized sensor to buffers containing the antigen.  For each 
experiment, the resonance frequency shift from detecting the antigen was determined 
in liquid.  Since the exact amount of antigen attached to the sensor was not possible to 
determine, mass-change sensitivity was calculated assuming all antigen in the sample 
attached to obtain a higher numerical bound on sensitivity.   
 
Finite Element Method 
Once the finite element model was shown to accurately determine resonance 
frequency, the simulation was used to calculate mass-change sensitivity 
characteristics using two techniques.  The dimensions of the PEMC sensors used in 
the simulation were the same as the two sensors used in our earlier study3; Lp = 1.95 
mm, Lp-gap = 0.75 mm, and Lg = 2.0 mm (PEMC-5) and Lp = 2.54 mm, Lp-gap = 0.76 
mm, and Lg = 1.78 mm (PEMC-6).  In the first simulation, a single 1 fg mass (1 μm3; 
ρ = 1 kg/m3, E = 1 x 108 Pa, ν = 0.33) was placed at the tip location (x = 2.75 and 
2.54 for PEMC-5 and -6, respectively) and the change in resonance frequency was 
computed.  In the second simulation, the point mass addition was incrementally 
changed along the sensor length and the resulting resonance frequency and the mass-
change sensitivity values were determined.  We then used the finite element model to 
predict the sensitivity of six additional PEMC sensors (PEMC 1 – 4, PEMC 7 – 8) 
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used in our previous work1-3, 25 and reported here for the first time.  The sensitivity 
was measured using a single 1 fg point mass at the tip location.   
 
7.4.3 Cantilever Fabrication and Analysis 
The PEMC sensors were fabricated as described previously 3.  The dimensions 
Lp-gap, Lp, and Lg (Figs. 7-1A-B) were measured using a SZM stereomicroscope 
(Kyowa) and a digital caliper accurate to the hundredth of a millimeter and are 
reported in Table 7-2 for PEMC 1 – 8.  Following fabrication, the sensor was 
connected to an impedance analyzer (Agilent, HP 4192A or HP 4294A) interfaced to 
a PC with LabVIEW® application for obtaining impedance and phase angle 
measurements in the frequency range of 700 kHz to 1,200 kHz.  All experiments were 
conducted at room temperature (23.6 ± 0.2 °C), except where noted otherwise.  
 
7.5 Results and discussion 
7.5.1 Resonance characterization 
Over thirty cantilever sensors were fabricated and used in the referenced 
experiments, and we present typical characteristics observed with a subset of eight 
that were used in our previous work3.  The resonance spectrum of the sensor used in 
PEMC-5 and PEMC-6 in air is shown in Figure 7-1C and 7-1D, respectively.  The 
dominant resonance modes are located at 942 and 881 kHz, respectively.  All of the 
analyzed sensors (n=30) showed a distinct and dominant resonance mode in the 
frequency range 880 and 1,100 kHz.  One notes that analysis of the resonant spectra 
shows two additional peaks at ± 100 – 150 kHz on either side of the dominant mode.  
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Finite element modeling of the various geometries displayed similar characteristics 
with three resonance modes occurring between 750 and 1,100 kHz.  The simulation 
results described below were obtained using the second of the three resonance modes 
in the evaluated range.  In our judgment, this mode most closely represents the results 
obtained experimentally. 
  
FEM calculation of the dominant resonance mode for PEMC 1 – 8 are listed 
in Table 7-2.  The calculations show good agreement for the cantilevers listed.  Error 
parameter (ei = (fnum – fexp)/fexp; where fnum and fexp are the model and experimental 
resonance frequencies respectively) showed an average ei of -0.6  ± 2.7 % (n = 8) 
indicating reasonable agreement between the model and experimental values.   
7.5.2 Mass-change sensitivity 
Thiol Chemisorption in Air 
PEMC-1 and PEMC 2 were used in determining sensitivity using known 
additions of MUA.  Upon addition of 1 μL MUA (10 fg/mL), a decrease in resonance 
frequency was observed immediately followed by a linear rise as the droplet 
evaporated.  A new steady state resonance frequency, lower than the starting 
frequency, was reached.  The typical resonance frequency response of an 828 kHz 
mode to a 1 μL droplet of MUA of three increasing concentrations (100 fg/mL, 1 
pg/mL, and 10 pg/mL) is given in Fig. 7-2A.  The response in Fig 7-2B was obtained 
in a temperature controlled chamber under ambient pressure so that the change in 
frequency could be directly correlated thiol chemisorption.  Assuming all of the thiol 
molecules adsorbed to the sensor surface and the total mass of thiol available during 
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the initial attachment was 100 ag.  To compare, a 1 μL droplet of water containing 
5% ethanol was placed on the surface as a control.  The response of the sensor due to 
the control droplet was -40 ± 7 Hz.  The frequency shift observed for the 100 ag 
addition was -94 ± 19 Hz.  Subtracting the control response from the 100 ag addition, 
the sensitivity at the lowest mass addition is ~ 2 ag/Hz under atmospheric conditions.  
As the added mass is increased to 1 fg, 10 fg, and 100 fg, the net sensor response was 
-330 ± 28,  -215 ± 18, and -243 ± 13 Hz, respectively.  That is, the mass-change 
sensitivity (mass of thiol added/resonance frequency decrease) decreases to 3 ± 0.3, 
57 ± 4, and 492 ± 59 ag/Hz, respectively, at an added mass of 1.1 fg, 11.1 fg, and 
111.1 fg, respectively (Figure 7-2C, n=4).  Over the concentration range analyzed, the 
average mass-change sensitivity is 115 ag/Hz.  Similar results were obtained for 
PEMC-2 which gave an average sensitivity of 92 ag/Hz (n=4) over the same mass 
range (data not shown). 
 
Thiol Chemisorption in Ethanol 
We examine two cases for thiol chemisorption; full sensor saturation and 
partial sensor saturation.  Full sensor saturation experiments assumed molecule 
attachment to all available Au <111> sites.  An Au-coated sensor when exposed to a 
high-concentration alkanethiol solution forms a dense monolayer, and the surface 
density depends on the quality of the gold surface, chain length, functional groups, 
types of solvent, and the temperature.1  The surface area of PEMC-3 used in the thiol 
air experiments was 3 mm2, and thus 3.5 x 1013 thiol molecules would form a 
monolayer, assuming a defect-free surface.26, 27  Therefore, exposure to 1 mM thiol 
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contains more than adequate thiol molecules to form a monolayer.  In the first 
experiment, sequential addition of 1 pM, 1 nM, 1μm, and 1 mM HDT resulted in a 
total resonance frequency change of ~ -5,000 Hz.  The sensor was removed form the 
apparatus and placed in a dust free enclosure, and the resonance frequency was 
determined in vacuum (50 mTorr, 23 0C).  The resonance frequency measured in 
vacuum before and after thiol chemisorption was 837.9 and 806.3 kHz, respectively.  
Assuming defect-free monolayer formation, the estimated mass of thiol molecules 
attached to the surface is ~ 15 ng.  This yields an estimated sensitivity of 468 fg/Hz.   
In a second experiment, sequential addition of 1 fM, 100 fM, 1 pM, and 1 mM 
yielded a resonance frequency change of ~ -7,000 Hz.  Here, the pre- and post-thiol 
exposure resonance frequency in vacuum was 833.8 and 801.5 kHz, respectively.  
Assuming the same total mass of thiol attached (~ 15 ng), the sensitivity is ~ 500 
fg/Hz.   
In a third set of experiments, PEMC-4 was exposed to sequential 
concentrations of HDT (1 fM, 10 fM, 100 fM, and 1 mM) and resulted in a total 
resonance frequency shift of -6,195 Hz.  At 1 mM, we expect the sensor to be 
saturated as the number of HDT molecules exceeds Au <111> sites on the sensor by 
1.7 x 106.  Therefore, the estimated sensitivity is 969 fg/Hz.  A sequential experiment 
exposed the same sensor to HDT concentrations of 1 pM, 1 nM, 1 μm and 1 mM and 
resulted in a frequency change of       -5,011 Hz.  Estimating the sensitivity in a 
similar fashion to that above gives a result of 1.2 pg/Hz.  The average sensitivity for 
these two sequential experiments is 1.0 pg/Hz and is reported Table 7-3. 
  
108 
 
Another method of examining sensitivity is to surface saturate with thiol 
compounds of varying molecular masses and examining the resulting resonance 
frequency response.  Au-coated PEMC-4 exposed to 1 mM OT, UDT, and ODT 
resulted in frequency responses of -3,784 ± 310 (n=4), -5,034 ± 340 (n=3), and -7,539 
± 110 Hz (n=3), respectively1. The sensitivity values were reported as 897, 870, and 
884 fg/Hz at mass loading of 3.4, 4.4, and 6.7 ng, respectively.  This estimation 
assumed a defect free surface and uniform packing of thiol molecules on the <111> 
gold surface1.  The average sensitivities of these experiments are reported in Table 7-
3. 
 Since saturation of the 3 mm2 sensing surface occurs at nM concentrations, 
additions containing a lower concentration of thiol will result in partial surface 
saturation.  If we assume that exposure to a 1 pM solution of HDT results in 100 % 
attachment of the thiol molecules, an upper bound on sensitivity in vacuum can be 
estimated.  The sensor (PEMC-3) response due to 40 mL of 1 pM HDT was -850 Hz 
and yielded pre- and post-thiol resonance frequencies in vacuum of 837.5 and 816.0 
kHz, respectively.  Assuming a total added mass of 10.3 pg, the estimated sensitivity 
due to the addition was 12.1 fg/Hz and 479 ag/Hz in liquid and vacuum, respectively. 
 PEMC-4 response to 40 mL of 1 fM and 10 fM HDT in ethanol was -223 ± 7 
and -317 ± 6 Hz, respectively.  Assuming that exposure to the low concentration of 
alkanethiol resulted in 100 % attachment of the molecules introduced, an estimated 
upper bound on sensitivity in liquid can be determined.  Assuming a total added mass 
of 10.3 and 103 fg, the estimated sensitivity due to mass addition was 46 and 325 
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ag/Hz, respectively.  The average sensitivity for the two concentrations is listed in 
Table 7-3. 
 Comparing the mass-change sensitivity in vacuum and liquid obtained for 
partial and full surface saturation, one notes that the average sensitivity in vacuum is 
~ 2.5 times greater than the value calculated in liquid.    
 
Wax Deposition Experiments 
Paraffin wax was added to PEMC-5 and PEMC-6 and the resulting resonance 
frequency response yielded sensitivities of 0.8 ± 0.2 fg/Hz (n=3) and 1.5 ± 0.3 fg/Hz 
(n=4), respectively 3.   
 
Chemisorption of Thiolated DNA 
 PEMC-7 response to increasing concentrations of thiolated-DNA probe was 
reported earilier25.  Exposure to 1 aM, 10 aM, and 100 aM causes resonance 
frequency decreases of -42, -47, and -110 Hz, respectively.  If we assume all of the 
entering DNA chemisorbs, we could estimate a bound on mass-change sensitivity.  
Consequently, sensitivities are 1.1, 5.4, and 27 ag/Hz, at a mass loading of 51 ag, 561 
ag, and 5.7 fg, respectively 25, 26, 28.  The average sensitivity for the three 
concentrations is listed in Table 7-3. 
 
Antibody-mediated Attachment of Antigen 
 Frequency response of antibody-immobilized PEMC-5 to 10-mL samples 
containing 100 fg/mL, 1 pg/mL and 10 pg/mL BSA were -354±77 (n=3), -1,940±46 
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(n=3) and -9,010±102 (n=3) Hz, respectively3.  If these responses are assumed to be 
due to total attachment of all entering BSA molecules, the sensitivity values are 2.8, 
5.2, and 111 fg/Hz.  A similar experiment was performed exposing PEMC-8 to 
sequential additions of SEB ranging from 100 fg/mL to 100 ng/mL in concentration 
increments of 10 x2.  The initial 100 μL addition of 1 pg/mL SEB resulted in a 
resonance frequency shift of -301 ± 13 Hz.  Again, assuming the resonance frequency 
shift is due to complete attachment of the entering SEB molecules, the mass-change 
sensitivity is 332 ag/Hz for a total mass load of 100 fg. 
Finite Element Model 
The finite element model was used to calculate the mass-change sensitivity of 
several cantilevers that have been used in our previous experiments, as well as, two 
additional sensors that were calibrated as part of this work using thiol additions in gas 
phase (PEMC 1 – 4, 7, 8).  We compare the sensitivities predicted by FEM and 
experimental methods in Table 7-3.  The results indicate that the finite element model 
provides good agreement with experimental observations of resonance frequencies.  
The lowest sensitivity determined by FEM was 1 fg/Hz (PEMC-1), 385 ag/Hz 
(PEMC-2), 2 fg/Hz (PEMC-3), 2 fg/Hz (PEMC-4), 480 ag/Hz (PEMC-7), and 830 
ag/Hz (PEMC-8).  In all six cases FEM model gave sensitivity values within about 
one order of magnitude of the experimental values.   
 The finite element model was also used to calculate the mass-change 
sensitivity of PEMC-5 and PEMC-6.  Since the position of added mass affects the 
frequency response (see below), the effect of load location on mass-change sensitivity 
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for the dominant mode was examined for the two cantilevers (PEMC-5 and PEMC-6) 
using a single 1 fg point-load at various positions along the cantilever glass surface.  
The computed results show a sensor response ranging from 1 to 3.0 Hz for PEMC-5.  
PEMC-6 showed a similar frequency response ranging from 0.3 – 3.5 Hz.  Placement 
at the tip of the glass surface (x = 2.75 mm; see Fig. 7-1A) resulted in the highest 
frequency change for PEMC-5.  Surprisingly, PEMC-6 gave the highest frequency 
change when the point-mass was placed at x = 0.76 mm, immediately after the PZT 
gap.  The arrangement of the non-piezoelectric layer on the piezoelectric layer (see 
Fig. 7-1B) may attribute to this response.  A change in mode position when compared 
with PEMC-5 may result from constructing the sensor with the two layers terminating 
at the same distance (x = 2.54 mm).  The change in mode location may give rise to 
changes in sensitivity at different points along the non-piezoelectric layer.  
Using the resonance frequency responses, the average mass-change sensitivity 
was determined for the three locations for PEMC-5 and -6.  The calculated mass-
change sensitivity for the three locations was averaged and is reported below.  The 
lowest average mass-change sensitivity for PEMC-5 (Fig. 7-3A) and PEMC-6 (Fig. 7-
3B) was 275 and 300 ag/Hz, respectively and occurred when the 1 fg mass was at the 
tip and at the base of the sensor, respectively.  The average mass-change sensitivity 
along the length of PEMC-5 and PEMC-6 was 715 ag/Hz and 1 fg/Hz, respectively.  
For a tip load in PEMC-5, the sensitivity predicted by the finite element model varied 
from 222 to 556 ag/Hz as the elastic modulus (Ep and Eg) and relative lengths (Lp and 
Lg) were varied by ~ 10 %.  Therefore, we conclude that the finite element model 
provides sensitivity values that are fairly close to experimentally found values. 
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7.5.3 Sensitivity as a function of added mass 
The average mass-change sensitivity of PEMC-5 and PEMC-6 was determined 
for point mass additions at the tip, the middle, and the base ranging from 1 fg to 1 ng.  
As the mass loaded was increased, the change in resonance frequency was recorded. 
For PEMC-5, tip loading showed a higher initial resonance frequency change due to 
increasing mass additions when compared to the middle and the base (data not 
shown).  Interestingly, as the sensor reached saturation (1 ng), the middle location 
gave rise to the highest frequency response.  For PEMC-6, tip loading, led to a higher 
resonance frequency change due to increasing mass additions when compared to the 
middle and the base over the mass range evaluated (data not shown). 
 
The average mass-change sensitivity was calculated for each sensor for mass 
additions ranging from 1 fg to 1 ng.  PEMC-5 showed an average mass-change 
sensitivity of 284, 87.2, and 708 fg/Hz, for the tip, the middle, and the base, 
respectively (Fig. 7-4A).  The lowest observed mass sensitivity for each of the three 
locations was 400 ag/Hz, 900 ag/Hz, and 1 fg/Hz.  PEMC-6 showed an average mass-
change sensitivity of 241 fg/Hz, 71.5 pg/Hz, and 92.0 fg/Hz (Fig 7-4B).  Again, the 
lowest observed mass sensitivity for the three locations was 1 fg/Hz, 5 fg/Hz, and 300 
ag/Hz.   
 
Defining the local sensitivity (σl) to be equal to dm/df, we can express σl = 
(m/f)(1/s), where m is the added mass, f is the frequency change, and b is the slope of 
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the curves in Figure 7-4.  Over an added mass range of 1 fg – 1 pg, the slope of each 
curve is ~ 1, resulting in σl = (m/f).  The graphs in Fig. 7-4A and Fig. 7-4B show a 4 
order of magnitude change in added mass results in a ~2 order of magnitude change 
in resonance frequency.  Therefore, σl is a strong function of the added mass, and 
higher additions will result in a lower local sensitivity.  In other words, the more mass 
that is added to the sensor, the less sensitive it becomes.   
 
7.6 Conclusion 
We report here a new method for determining mass-change sensitivity by 
measuring the frequency response of PEMC sensors due to known amounts of added 
mass.  We have provided a comparison of numerical model predictions with 
experimentally obtained values of resonance frequency and mass-change sensitivity 
for a variety of experimental cases.  The resonance frequencies of the reported cases 
studied show good correlation between simulated and experimentally obtained 
resonance frequencies.  We also show that the PEMC sensor has two important 
properties.  First, sensitivity is a strong function of attached mass.  Specifically, 
sensitivity is the highest at low attached mass. Second, PEMC sensors become less 
sensitive with increasing attached mass, which results in sensors that exhibit wide 
dynamic range of 5 – 6  logs.   Lastly, we show that mass-change sensitivity is a 
function of the medium of detection.  More specifically, our results show a 2.5 x 
improvement in sensitivity when determined in vacuum versus liquid. 
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Table 7-1 
Table 7-1. Material properties of the PEMC sensor for computer simulation 
Material Density (kg/m3) 
Young's 
Modulus 
(Pa) 
Elastic 
Constant 
(Pa) 
Piezoelectric 
Constant 
(C/m2) 
Poisson's 
Ratio 
Silica 
Glass 2,203 73.1 x 10
9 - - 0.17 
Fused 
Quartz 2,203 73.1 x 10
9 - - 0.17 
PZT 7,800 5.2 x 1010 c11 = 1.27 x 1011  0.33 
   c12 = 8.02 x 1010 e13 = -6.62  
   c13 = 8.47 x 1010 e23 = -6.62  
   c33 = 1.17 x 1011 e33 = 23.2  
   c44 = 2.30 x 1010 e52 = 17.0  
   c55 = 2.30 x 1010 e61 = 17.0  
   c66 = 2.35 x 1010   
Adhesive 1,000 5.0 x 108 - - 0.33 
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Table 7-2 
Table 7-2. Resonance frequency determined by experiment or finite element modeling.  The table 
highlights our previous work using proteins and thiol molecules, as well as, two newly fabricated 
cantilevers. 
 
PEMC Dimensions Resonance Frequency (fn) (kHz) 
 Lp (mm) 
Lg 
(mm) 
Lp-gap 
(mm) 
Experimentally 
determined fn 
fn Predicted 
by FEM* 
1 3.70 4.00 0.70 827.0 822.7 
2 2.70 4.00 0.50 867.4 869.3 
3 3.50 4.00 0.50 843.3 824.9 
4 3.50 4.00 0.50 852.8 824.9 
5 1.95 2.00 0.75 941.5 910.5 
6 2.54 1.78 0.76 881.0 887.0 
7 3.10 3.50 0.50 1007.1 989.0 
8 2.50 2.00 0.80 936.0 982.9  
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Table 7-3 
Table 7-3. Mass-change sensitivity determined by experiment or finite element modeling.  The 
table highlights our previous work using proteins and thiol molecules, as well as, two newly 
fabricated cantilevers.  The individual and average sensitivities for a range of evaluated 
concentrations are listed. 
 
PEMC Mass-change sensitivity (σna) (g/Hz) Calibration 
 Approximate Mass Added 
Experimentally 
determined σn 
Average 
Experimentally 
determined σna 
σna Predicted by 
FEM 
Surface 
Coverage Medium Target 
N/D 8.0 x 10-16 8.0 x 10-16 N/D Vacuum Paraffin Wax 
1 pg 2.8 x 10-15 
10 pg 5.2 x 10-15 
5 
100 pg 1.1 x 10-13 
3.9 x 10-14 
7.1 x 10-16 
Partial Liquid BSA 
6 N/D 1.5 x 10-15 1.5 x 10-15 1.0 x 10-15 N/D Vacuum Paraffin Wax 
51 ag 1.1 x 10-18 
561 ag 5.4 x 10-18 7 
5.7 fg 2.7 x 10-17 
1.1 x 10-17 4.8 x 10-16 Partial Liquid ssDNA 
8 100 fg 3.3 x 10-16 3.3 x 10-16 8.3 x 10-16 Partial Liquid SEB 
 
PEMC Mass-change sensitivity (σna) (g/Hz) Calibration 
 Approximate Mass Added 
Experimentally 
determined σn 
Average 
Experimentally 
determined σna 
σna Predicted by 
FEM 
Surface 
Coverage Medium Target 
100 ag 2.0 x 10-18 
1 fg 3.0 x 10-18 
10 fg 5.7 x 10-17 1 
100 fg 4.9 x 10-16 
1.1 x 10-16 1.0 x 10-15 Partial Air Thiol 
100 ag 3.0 x 10-18 
1 fg 4.0 x 10-18 
10 fg 6.5 x 10-17 2 
100 fg 3.0 x 10-16 
9.2 x 10-17 3.9 x 10-16 Partial Air Thiol 
15 ng 4.7 x 10-13 
15 ng 5.0 x 10-13 4.8 x 10
-13 Full Vacuum 
10.3 pg 1.2 x 10-14 1.2 x 10-14 Partial Liquid 3 
10.3 pg 4.8 x 10-16 4.8 x 10-16 
2.0 x 10-15 
Partial Vacuum 
Thiol 
 10. 3 fg 4.6 x 10-17 Partial Liquid 
 103 fg 3.3 x 10-16 1.9 x 10
-16 Partial Liquid 
 3.4 ng 9.0 x 10-13 Full Liquid 
 4.4 ng 8.7 x 10-13 Full Liquid 
4.7 ng 8.9 x 10-13 
8.9 x 10-13 
Partial Liquid 
15 ng 9.7 x 10-13 Full Liquid 4 
15 ng 1.2 x 10-12 1.1 x 10
-12 
2.0 x 10-15 
Full Liquid 
Thiol 
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Figure 7-1 
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Figure 7-1. Panel A: 2-D schematic of the PEMCa sensor showing overall design lengths of PZT 
(Lp), PZT gap (Lp-gap) and glass (Lg).  Panel B: 2-D schematic of the PEMCb sensor showing 
overall design lengths of PZT (Lp), PZT gap (Lp-gap) and glass (Lg).  Panel C: Typical resonance 
spectrum showing the dominant resonance mode of PEMCa.  The Q value for the resonance 
mode in air is 40.  Panel D: Typical resonance spectrum showing the dominant resonance mode 
of PEMCb.  
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Figure 7-2 
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Figure 7-2. Droplet calibration experiments.  Panel A: Insert: Photograph of a 1 μL droplet on a 
gold-prepared PEMC sensor.  Evaporation curve for one 1 μL addition. Panel B: Steady state 
resonance values for sequential mass additions of 11-Mercaptoundeconic acid.  Panel C: Average 
frequency response due to the first four sequential additions of thiol solution (n=4).  
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Figure 7-3 
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Figure 7-3. Change in mass-change sensitivity versus added mass location.  Panel A:  Change in 
mass-change sensitivity due to point mass additions at various locations along PEMCa (Lp = 1.95 
mm, Lp-gap = 0.75 mm, and Lg = 2.0 mm). Panel B: Change in mass-change sensitivity at 
corresponding locations along PEMCb. 
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Figure 7-4 
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Figure 7-4. Mass-change sensitivity due to added mass ranging from 1 fg to 1. Panel A: PEMCa.  
Panel B: PEMCb 
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Chapter 8: A novel method for label-free detection of femtogram quantities of 
biologics in flowing liquid samples 
 
8.1 Abstract 
Rapid (~10 min) measurement of very low concentration of proteins (~fg/mL) 
has widespread use in medical diagnostics, monitoring clinical agents and, in a 
broader context, as a research method.  For detection of low protein concentrations no 
direct method is currently available. We report here a novel macrocantilever design 
whose high-order resonant mode near one MHz exhibits mass detection sensitivity of 
10 cells/mL for cells and 100 fg/mL for protein.  The sensor is 1 x 3 mm, and uses a 
piezoelectric layer for both actuation and sensing resonance.  Sample flows (~1 
mL/min) past the antibody-immobilized sensor, and as antigen binds to the sensor, 
resonance frequency decreases in proportion to antigen concentration.   
8.2 Introduction 
Rapid and single-step label-free direct detection of proteins in flowing liquid 
samples at a concentration of 100 fg/mL has not been reported to date.  This 
measurement has significant applications in medicine (for biomarkers in body 
fluids)140, environmental monitoring (pathogens in drinking water), food safety 
(Listeria141, Cyrptosporidium and Giardia142, and E. coli poisoning143) and 
biodefense (biothreat agents).  In this paper, we show a nove design of a millimeter-
sized cantilver sensor that exhibits mass-change sensitivity of femtograms under 
liquid flow conditions and are potentially useful in the applications mentioned above.   
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Cantilever biosensors have attracted considerable interest for label-free 
detection of proteins and pathogens because of their promise of very high 
sensitivity16, 144.  Excellent reviews have appeared that summarize this progress9, 11.  
Briefly, the binding of an antigenic target to an antibody-immobilized cantilever 
surface changes the cantilever's surface stress resulting in a deflection response24, 65.  
Cantilever biosensors10, 145 have been successfully used in DNA hybridization 
studies24, 64, detection of known cancer proteins103, environmental and foodborne 
pathogens58, 104, biomarkers22, 34, and explosives146. In dynamic mode, the attachment 
of antigen causes a resonance frequency decrease because of increase in mass2.   
Magnitude of bending deflection can be monitored by various transduction 
mechanisms9, 37, 70, 147. Because significant damping occurs in the dynamic mode, 
static deflection method is preferred when continuous measurement under liquid 
immersion is needed.  When measurement in flow of liquid sample is required, the 
bending mode becomes noisy and less trustworthy due to hydrodynamic forces.  It is 
well establihsed111 that for the dynamic method to provide reasonable signals, 
cantilever Reynolds number (Re) should be large, preferably greater than 105.  Since 
Re is proportional to the square of cantilever width, response of microcantilevers 
whose width are of a few microns are highly damped in liquids, while millimeter-
wide cantilevers provide relatively less damped responses and can be used in liquid 
flow environments58.  The current trend of cantilever miniaturization compromises 
the ability of the sensor to measure under liquid immersion conditions, while 
millimeter-wide cantilevers provide relatively less damped response and can be used 
in liquid flow environments.  For mechanical robustness, cantilever sensors should be 
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much thicker than the thickness of microcantilevers which are typically ~1 μm.  
Thick cantilevers exhibit such a weak bending response that the only useful approach 
is to use the dynamic or resonant mode for measurement.  Sensors and detectors that 
are both mechanically robust and very highly sensitive will enjoy widespread use, and 
serve as aids in biodefense and national security. We report here that millimeter-sized 
cantilever sensors exhibit dominant high-order resonance near ~900 kHz and show 
detection sensitivity comparable to recently reported microcantilever results37.  
Unlike microcantilevers, they are mechanically robust and can be used under full 
liquid immersion and flow. 
 The piezoelectric lead zirconate titanate (PZT) films give sensitive response to 
small stresses because of the direct piezoelectric effect and generate high strain via 
the inverse piezoelectric phenomena.  PZT film is bonded to a base glass cantilever 
forming a composite cantilever.  Electrical excitation of PZT causes it to expand and 
contract which induces bending, twisting, and buckling oscillations of the composite 
cantilever.  The natural frequency of the cantilever depends on the flexural modulus 
and mass density of the composite cantilever106.  At resonance, the cantilver 
undergoes significanltly higher stresses when the exciting electric filed is at the 
resonance frequency.  At resonance, the PZT layer exhibits a shapr change in 
electrical impedance, and the resonance state can be measured by the phase angle89.  
That is, the PZT is used both to excite the cantilever and to sense resonance.  Such a 
method of excitation and measurement has been termed self-excitation by previous 
researches50, 89, 148-151.  The macrocantilevers used in this study were fabricated by 
adhesive-bonding a piezoelectric layer to a non-piezoelectric layer (borosilicate glass 
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or fused silica), and then anchoring the PZT alone.  This geometry is of 
unconventional design and is a new resonating cantilever structure that exhibits high-
order mode that shows mass-change sensitivity of fg/mL. Electrical excitation of PZT 
causes it to expand and contract which induces bending, twisting and buckling 
oscillations of the composite cantilever.  At mechanical resonance, stress levels are 
higher than at non-resonance frequencies, causing PZT’s resistance value to increase, 
which is conveniently monitored by measuring phase angle or impedance.  The PZT 
is used both to excite the cantilever and to sense resonance. 
8.3 Materials and Methods 
8.3.1 Chemicals 
 Bovine serum albumin and anti-bovine serum albumin were purchased from 
Sigma-Aldrich (Allentown, PA).  All other chemicals and buffers were purchased 
from Sigma-Aldrich (Allentown, PA) or Fisher Scientific.  Deionized water used was 
from a Milli-Q plus ultra-pure water system (18.2 MΩ-cm). 
8.3.2 Cantilever Fabrication 
The cantilevers were fabricated from a piezoelectric (lead zirconate titanate, 
PZT; Type 5A, d31 = -190 x 10-12 m/V; 127 μm thick)) layer bonded to borosilicate 
glass or fused silica layer (160 μm thick).  One cantilever sensor was fabricated 
having free-end dimensions of 1.95 ± 0.005 x 1.00 ± 0.005 x 0.127 ± 0.005 mm3 (L x 
W x t) PZT and 2.00 ± 0.005 x 1.00 ± 0.005 x 0.160 ± 0.005 mm3 borosilicate glass.  
The glass layer provides the surface for antibody functionalization.  The exposed PZT 
was polyurethane coated (15 – 30 μm) for liquid contact.    
8.3.3 Experimental Apparatus  
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The experimental setup consisted of fluid reservoirs, peristaltic pumps, and a 
sensor flow cell (SFC) shown schematically in Figure 8-1.  The sensor flow cell 
(SFC) was constructed of Plexiglas® (diameter 7.0 mm, hold-up volume 120 μL) with 
inlet and outlets located at the bottom and on the side, respectively. The experimental 
apparatus consists of four fluid reservoirs (one each for PBS buffer pH 7.4, antibody, 
target antigen, and release solution (10 mM PBS/HCl; pH 2.0) connected to the SFC 
via a four-entrance port manifold with a single outlet. The outlet was connected to a 
peristaltic pump that controls the flow of the desired fluid into and out of the SFC.  In 
some experiments, a fifth fluid reservoir containing 10 mM hydroxylamine was added 
to the manifold.  Hydroxylamine was added to ensure that activated carboxyl groups 
on the antibody that did not participate in the immobilization reaction were 
deactivated to carboxylic groups.  This step was found to be unnecessary when 
immobilization was carried out over one hour. 
 The functionalized sensor,  installed vertically into SFC,  was connected to an 
impedance analyzer (Agilent, HP 4192A or HP 4294A) interfaced to a PC with 
LabVIEW® application for obtaining impedance and phase angle measurements in 
the frequency range of 40 kHz to 1.5 MHz at 100 mV excitation.  The SFC was 
maintained at 30 ± 0.3 °C by circulating (17 mL/min) constant temperature water (38 
± 0.1 °C through a jacket surrounding the SFC.  The temperature directly influences 
kinetics of antigen-antibody binding, and thus careful and close control of 
temperature of the sample flow cell was maintained.  
8.3.4 Cantilever Functionalization 
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The sensing glass surface was cleaned (sequentially with methanol-
hydrochloric acid solution (1:1 volume ratio), concentrated sulfuric acid, hot sodium 
hydroxide, and finally boiling water; CAUTION : corrosive and dangerous) and 
silanylated with 0.4% 3-aminopropyl-triethoxysilane (APTES) in DI water at pH 3.0 
(adjusted by hydrochloric acid, 0.1N) and 75 °C for 2 h133.  Approximately 1600 μg 
of  1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 4400 μg of sulfo-N-
hydroxysuccinimide (Sulfo-NHS)134 were added to 40 μg of antibody and was 
contacted with the sensor surface for 2 hours at 28 ± 0.2.  After each detection 
experiment, the sensor surface was renewed starting with the cleaning protocol noted 
above.  This ensured that there were no carryover effects from one experiment to the 
next. 
8.3.5 Antigen Preparation 
BSA samples (1 x 10-11, 1 x 10-12, to 1 x 10-13 g/mL) were prepared in PBS (10 
mM, pH 7.4) starting with stock solutions of known concentration.  
8.3.6 Detection Experiments 
All valves were manipulated manually and are shown schematically in Figure 
8-1. The detection experiments were carried at flow rates of 0.4 mL/min.  Following 
antibody immobilization, PBS solution was re-circulated through the SFC until the 
sensor’s resonant frequency reached a constant value. This typically took 5 – 15 
minutes and was completed to ensure the tubing and SFC were flushed prior to a 
detection experiment.   
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A detection experiment was initiated by introducing the target antigen solution 
until steady state was reached.  The flow circuit was rinsed by flowing PBS followed 
by a release buffer (pH 2.0).  Finally, a PBS flow was carried out until the resonant 
frequency value reached steady state. 
 
8.3.7 Calibration Experiments 
Two dilute solutions of paraffin were prepared in hexane or toluene, starting 
from a stock solution at 1 mg/100 mL.  Resonance frequency in vacuum (50 mTorr, 
23 0C) was determined.  Carefully measured 0.5 or 1 μL of the wax solution was 
dispensed on the glass surface ensuring no spills occurred, or overflow onto the PZT 
part.  The sensor was air-dried for 15 min in a dust-free enclosure, followed by 
resonance frequency determination at 50 mTorr and 23 0C.  The resonance frequency 
increased and reached steady state value in 15 – 30 min as the solvent from the wax 
film evaporated leaving behind the non-volatile paraffin wax.  The sensor was then 
removed and an additional 0.5 or 1 μL of wax solution was added, dried and 
resonance frequency was again measured in 50 mTorr.  Repeated measurements 
provide a plot of change in resonance frequency with added paraffin mass, and 
resulted in a straight line whose slope gave mass-change sensitivity.  For the various 
cantilevers fabricated during the current study, mass-change sensitivity ranged from 
0.3 to 2 fg/Hz. 
8.4 Results and Discussion 
8.4.1 Cantilever Characterization 
  
128 
 
Cantilevers fabricated exhibited dominant modes in the region 0 – 200 kHz 
and 700 kHz – 1.0 MHz with Q-values ranging from 20 – 110.  In Figure 8-2 the 
resonant spectrum (phase angle versus excitation frequency) in air of one cantilever is 
given.  Figure 8-3 shows a plot of impedance and phase angle versus excitation 
frequency for the dominant 941.5 kHz resonant peak.  The impedance response shows 
the classic resonance – anti-resonance characteristic. Depending on the dimension 
and construction of the composite cantilever, resonance frequencies were observed in 
the range of 0.8 to 1.2 MHz. 
When excited at various frequencies (< 1.5 MHz), the cantilevers exhibit 
several resonant modes as evidenced by the phase angle. In general, higher frequency 
modes are weaker than lower-order bending resonant modes; but, higher frequency 
translates into higher sensitivity152.  The resonance spectra (Fig. 8-4) in vacuum (~50 
mTorr, 23.6 0C), in air (23.6 0C) and in phosphate buffered saline (10mM, PBS; 30 
0C) show the dominant high-order modes at 941.5 kHz (Q = 41 in air) for the 
cantilever.    When mounted in a specially constructed sample flow cell and PBS is 
flowed in at 0.4 to 1.0 mL/min, the resonant frequency decreases (~50 kHz) due to 
added mass effect111.  The peak height decreases by ~20 to 60%, but Q-value remains 
sufficiently high (~ 25), that resonant frequency can be measured within ± 20-40 Hz.  
Flow also causes further constant resonant frequency change (~1 kHz ) for a fixed 
flow rate58. 
In order to compare damping-free response, resonant frequency was also 
determined in vacuum at 50 mTorr for the cantilever used here and the traditional 
cantilever design reported earlier58.  The resonance frequency increased by 3,100  and 
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900 Hz for the two designs, respectively.  Since the primary difference between these 
two measurements is the air mass that surrounds the cantilever117, the magnitude of 
increase gives a first measure of the mass-change sensing potential of the two 
cantilever sensors, indicating that the new geometry is more sensitive than the 
traditional geometry. 
8.4.2 Detection of a Model Protein, Bovine Serum Albumin 
Cantilever A (Fig. 8-1) was fabricated according to the outlined method, and 
following immobilization of activated antibody to BSA, a detection experiment was 
initiated by flowing BSA solution (1 pg/mL) at 0.4 mL/min for 25 minutes.  This was 
followed by flushing the flow circuit with PBS and finally a release solution (pH ~ 2) 
was introduced to detach the bound antigen. Results (Fig. 8-5) show antibody 
immobilization caused a frequency decrease of 6,954 ± 21 Hz and BSA binding to the 
sensor was rapid during the first 10 minutes and then reached a constant frequency 
change of 2,022 ± 25 Hz.  To confirm attachment, release buffer was introduced and 
resulted in a resonant frequency recovery of 2,435 ± 10 Hz, which is slightly higher 
than the value prior to BSA introduction.  The final step of PBS buffer flow caused 
the resonant frequency to increase an additional 186 Hz, which was 600 Hz higher 
than the starting value.  We believe that some of the immobilized antibody may have 
been released due to the low pH release solution.  Responses to different 
concentrations of BSA were obtained multiple times with the same sensor and the 
responses were repeatable (Fig 8-6 and 8-7) and reproducible with multiple sensors 
(data not shown).  In Table 1, we note that the same sensor at lower and higher BSA 
concentrations (100 fg/mL, 1 pg/mL and 10 pg/mL), responded with a larger 
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frequency decrease (354±77 (n=3), 1,940±46 (n=3) and 9,010±102 (n=3) Hz).  To 
confirm that the sensor response was due to BSA binding, both positive (clean 
cantilever in 10 pg/mL BSA) and negative control (antibody-immobilized cantilever 
in PBS) were carried out at the same temperature and flow rate; both yielded 
essentially a zero response ( 37±8 and 10±7 Hz).  It is to be noted that one of three 
response for 100 fg/mL profiles (Fig 8-7) does not reach steady state in the 25 minute 
period.  Since the sample size was 10 mL, at the flow rate used steady state was not 
achieved in that case.  The other two experiments reached steady state in ~ 20 
minutes.  We suspect that the difference in response is due to variation in antibody 
immobilization step.  Each experiment was conducted with the same sensor starting 
with the piranha cleaning step followed by fresh antibody immobilization.  
 
BSA (66 kD) at 100 fg/mL corresponds to ~ 900,000 molecules/mL.  Since a 
10 mL sample was used, number of BSA molecules exposed to the sensor was 9 
million (~1 pg), assuming no loss due to surface adsorption in the flow circuit.  The 
cantilever has a sensing area of 3 mm2, and the sensor oscillation amplitude is less 
than 1 μm.  Since the residence time (= volume of SFC/flow rate) in the SFC (100 μL 
volume) is short (~ 18 seconds) compared to diffusion time scale, it is suggested that 
the sensor samples (=volume swept by sensor/SFC volume) less than 0.005 % of the 
sample.  Therefore, the maximum BSA that comes in contact with the sensor and, 
therefore potentially attach is 50 ag.  That is, we estimate the sensor measures mass 
change that is between 50 ag and 1 pg, and more likely closer to 1 fg. 
8.4.3 Detection Selectivity 
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In order to establish that the sensor’s response is due to antigenic mass 
attached to the cantilever surface, we measured resonant frequency in vacuum at the 
end of each sensing experiment.  Measuring frequency shift in vacuum provides a 
measure of mass change without the ambiguity of the added liquid mass term. Results 
summarized in Table 1 confirm that after each binding event, the resonant frequency 
in vacuum also decreased, and the decrease correlates nonlinearly with BSA 
concentration in the sample used.   In all cases examined, we found the sensor 
response to antibody immobilization was much greater than for antigen attachment at 
the concentration used.  The change in vacuum was ~ 50% higher than the change of 
observed in liquid for BSA.    
8.4.4 Mass Sensitivity 
The mass-change sensitivity for the sensor used in BSA experiment was 
determined as 0.8 ± 0.2 ag/Hz (n=3).  Using this sensitivity value for an average 
decrease in resonant frequency of 330 Hz (Fig 8-7) for 100 fg/mL sample, the 
attached BSA mass is ~260 ag, where no correction for liquid measurement is made.  
During the entire sensing episode, the total mass of BSA that entered the flow cell 
was 1 pg.  That is, the attached mass to the sensor was ~0.03% of the available target 
in the flowing sample.  Interestingly, this value is comparable to the estimate of the 
sample volume contacted with the sensor described earlier.  
8.5 Conclusions 
Review of the current literature on protein detection indicates that the lowest 
concentration measured directly and without labeled reagent is 100 fg/mL using 
streptavidin-biotin with a MOSFET-embedded microcantilever measuring 
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deflection37. Microcantilevers have been shown to be exquisitely sensitive (194 
Hz/ag153), but they are not designed for measurement in liquids140, 144, 153, 154.  
Currently, work done in liquid-based systems report limits of detection as ~ fg/mL 
and nM for proteins67, 155.  A much lower concentration of attomolar (~ 3 aM) was 
reported using an analytical multi-step method of immuno-PCR156. Using labeled 
reagents immunoassay coupled with multi-photon detection (IA/MPD) was recently 
reported have detection limit of  ~ 1 fg/mL of a breast cancer biomarker22.  Most of 
the reported microcantilever biosensors follow the procedure of contacting the 
antigen followed by resonance measurement in vacuum to obtain the sensor response.  
This two-step procedure is used because in-liquid measurement is compromised due 
to viscous damping. 
Comparison with previous literature indicates that the cantilever sensors 
reported in this paper are of unique designs that operate in a new convenient modality 
and show mass-change sensitivity that has not been achieved previously.  It is suitable 
for both small and large sample volumes, and its sensitivity at femtogram level is 
comparable to the best performance reported for microcantilevers157 with the added 
advantage of measurement in flowing liquid sample, and simplicity of electronic 
instrumentation when compared with other immunoassay methods. 
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Table 8-1 
Table 8-1. Resonant frequency change (±SD, n=3) due to antigen (An) and antibody (Ab) 
attachment in liquid (DfL) and vacuum (DfV).  The data are the result of three separate 
experiments with the same sensor. The frequency response in liquid corresponds to the observed 
change under flow conditions (DfL), antigen, and antibody attachment.  The frequency response 
in vacuum (50 mTorr, 22 °C) is the difference in resonant frequency prior to and after Ab and 
An attachment.  
 
Sensor Species Sample concentration 
Air to 
liquid 
[kHz] 
Air to 
Vacuum 
[kHz] 
Resonant frequency 
change 
in  liquid [kHz] 
Resonant 
frequency 
change  in 
vacuum [kHz] 
   ΔfL ΔfV Ab An (Ab + An) 
 100 fg/mL 66.33 1.65 7.33 ± 1.34 0.35 ± 0.08 16.13 ± 6.89 
Overhang 1 pg/mL 51.98 1.91 10.88 ± 3.89 1.94 ± 0.06 17.45 ± 13.10 
 
BSA 
10 pg/mL 36.32 1.25 5.43 ± 1.82 9.00 ± 0.10 21.48 ± 6.73  
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Figure 8-1 
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Figure 8-1. Schematic of experimental apparatus.  A reagent reservoir manifold containing four 
cylindrical chambers was connected via a four port manifold into the inlet of the sample flow cell 
(SFC).  A peristaltic pump, connected to the SFC outlet, maintained constant flow rate between 
0.4 and 1.0 ml/min.  The experimental apparatus allows for a single pass through the SFC as well 
as for recirculation during antibody immobilization.  For the E. coli detection experiments, a 
fifth reagent reservoir (not shown) was added for hydroxylamine or Protein G. 
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Figure 8-2 
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Figure 8-2. Resonant spectra of a PZT-anchored cantilever Design B.  Resonant spectrum of a 
PZT-anchored cantilever (Design B) exhibiting characteristic resonant peaks in air near 100 
kHz, 200 kHz, 850 kHz, and 944 kHz.     
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Figure 8-3 
-90
-85
-80
-75
-70
-65
-60
-55
-50
-45
-40
800 850 900 950 1,000 1,050 1,100
Frequency (kHz)
Ph
as
e 
A
ng
le
 (d
eg
re
es
)
250
300
350
400
450
500
550
Im
pe
da
nc
e 
(o
hm
s)
Phase Angle
Impedance
 
Figure 8-3. Impedance, and phase angle of a PZT-anchored cantilever Design B.  Resonant 
spectrum of the 944 kHz peak in air.  Impedance (ohms) and phase angle (degrees) as a function 
of frequency shows characteristic resonance and anti-resonance feature.   
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Figure 8-4 
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Figure 8-4. Resonant spectra of a PZT-anchored cantilever Design B and frequency response to 
changes in medium.  The resonant frequency increased from 941.5 ± 0.05 kHz to 944.50 ± 0.05 
kHz in vacuum (50 mTorr) and when the sensor was submerged in PBS at 0.4 mL/min the 
resonant frequency decreased to 902.5 ± 0.05 kHz.  The peak height decreased in liquid by ~ 
40%, due to damping. The dissipative losses due to viscous effects are measured by the quality of 
the peak (peak sharpness). Peak quality (Q-factor) decreased from 43 to 23 in going from 
vacuum to liquid flow conditions. 
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Figure 8-5 
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Figure 8-5. Detection of Bovine Serum Albumin using Design B. Resonant frequency change as 
BSA binds to an antibody-functionalized PZT-anchored cantilever.  In all experiments the 902.5 
kHz peak at sample flow rate of 0.5 mL/min was used. Sequential attachment of a-BSA at 100 
mg/mL, BSA detection at 1 pg/mL, and the release of the bound BSA using a pH 2 solution. The 
a-BSA attachment caused a frequency change of 6,954 ± 21 Hz.  The PBS rinse that followed did 
not cause any significant change in the resonant frequency, indicating that non-specific binding, 
if any, was small. Upon exposure to an aliquot of 10 mL of 1 pg/mL BSA the sensor responded 
with an immediate decrease in frequency and reached a steady state change (2,022 ± 25  Hz) in ~ 
20 minutes. The PBS rinse that followed shows a slight increase in frequency, which may be a 
result of the removal of non-specifically adsorbed BSA. A pH 2 release solution caused the 
resonant frequency to increase by 413 ± 10 Hz above the value prior to BSA attachment. After 
stabilization, PBS was again pumped in to obtain final resonant frequency for comparison. In 
PBS the frequency increased further by a further 186 ± 5 Hz. The higher value obtained may be 
due to some release of antibody.  
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Figure 8-6 
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Figure 8-6. Frequency response of BSA at 100 fg/mL, 1 pg/mL, and 10 pg/mL with the same 
sensor; freshly prepared each time.  
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Figure 8-7 
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Figure 8-7. Sensor response to 100 fg/mL in three different experiments. The positive control was 
a silanylated cantilever exposed to flowing PBS and the negative control was an unsilanylated 
clean sensor in presence of 10 pg/mL BSA solution. One notes that the signal to noise (S/N) ratio 
was a minimum of 15.  
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Chapter 9: 10-Minute Assay for Detecting Escherichia coli O157:H7 in Ground 
Beef Samples using Piezoelectrically-Excited Millimeter-Sized Cantilever 
(PEMC) Sensors 
 
9.1 Abstract 
We have shown detection of approximately 10 cells/mL of E. coli O157:H7 in spiked 
ground beef samples in 10 minutes using piezoelectrically-excited millimeter-sized 
cantilever (PEMC) sensors.  The composite PEMC sensors have a sensing area of 2 
mm2 and are prepared by immobilizing polyclonal antibody specific to E. coli 
O157:H7 (EC) on the sensing surface.  Ground beef (2.5 g) was spiked with EC at 10 
– 10,000 cells/mL in phosphate buffered saline.  One mL of supernatant was removed 
from the blended samples and used to perform the detection experiments.  The total 
resonant frequency change obtained for the inoculated samples was 138 ± 9, 735 ± 
23, 2,603 ± 51, and 7,184 ± 606 Hz, corresponding to EC concentrations of 10, 100, 
1,000, and 10,500 cells/mL, respectively.  Positive detection of EC in the sample 
solution was observed within the first 10-minutes.  The responses of the sensor to 
positive, negative, and buffer controls were 36 ± 6, 27 ± 2, and 2 ± 7 Hz, respectively.  
Positive verification of E. coli O157:H7 attachment was confirmed by low-pH buffer 
(PBS/HCl pH 2.2) release, microscopy analysis, and second antibody binding post-
EC detection.  The results indicate that PEMC sensors can reliably detect E. coli 
O157:H7 at less than 10 cells/ml in 10 minutes without sample preparation, and with 
label-free reagents. 
9.2 Introduction 
Traditionally, detection of foodborne pathogens has involved sample 
collection, enrichment, followed by isolation and identification of the targeted 
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organism by a variety of methods.  The current methods capable of foodborne 
pathogen detection include traditional enrichment and plating methods in selective 
media158, 159, polymerase chain reaction (PCR)8, 143, 160, fiber optic biosensors3-5, 
immuno-magnetic beads29, 30, and quartz crystal microbalance (QCM)25.  Each of the 
stated methods has its own set of limitations.  Enrichment and plating approach lack 
sensitivity and specificity, and often takes 24-96 hours to identify the contaminant 
organism.  Most immuno-magnetic assays and fiber optic biosensors require pre-
enrichment of the sample since the pathogenic bacteria is present in concentrations 
below the technology’s limit of detection.  In addition to sample enrichment 
requirements, PCR methods have a higher cost, require well-trained personnel, and do 
not differentiate viable from non-viable cells.  QCM analysis is not very sensitive 
and, therefore its use is limited when EC is present at low concentration with a high 
level of contaminants.  In addition to the individual limitations, the current methods 
of food sampling do not ensure 100% absence of unwanted contaminants due to the 
intrinsic nature of sample collection.  According to the recent data from the Centers 
for Disease Control and Prevention, foodborne diseases currently cause 
approximately 76 million illnesses, 325,000 hospitalizations, and 5,000 deaths in the 
United States each year, at an estimated cost of 7.7 to 8.4 billion dollars25. 
Enterohemorrahagic Escherichia coli O157:H7 is a facultative gram-negative 
bacillus that is dangerous and has been implicated in outbreaks of illness due to 
ingestion of meats, water, and uncooked fruits and vegetables143, 160.  E. coli O157:H7 
is cable of producing a variety of human illnesses which include hemolytic uremic 
syndrome and diarrhea.  The outbreaks of E. coli O157:H7 food poisoning in the US 
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over the past few decades and the sporadic worldwide outbreaks caused by 
contaminated ground beef has raised growing interest in rapid pathogen 
identification.   
 Recently, we have shown that antibody-immobilized, piezoelectric-excited 
millimeter-sized cantilever (PEMC) sensors can be used to detect pathogens 
including 700 cells/mL E. coli O157:H756 and 300 cells per mL of Bacillus anthracis 
(Sterne strain) in 1 mL samples58.  Achievement of high sensitivity has been possible 
because of a recent discovery of novel high-order oscillation mode of the PEMC 
sensor with good Q-values (15 to 40; a peak shape quality factor) in liquids.   
In this study, we are concerned with attachment of a target pathogen to the 
cantilever and measuring the resulting change in resonant frequency.  PEMC sensors 
respond to changes in mass that occur due to binding of the target molecules to the 
sensor surface.  When the antigen binds to the antibody immobilized on the sensor 
surface, the effective mass of the cantilever increases which alters the cantilever’s 
resonant frequency.  Monitoring the resonant frequency change with time provides 
quantitative measures of the target antigen in the sample.  Here we report the use of 
PEMC sensors for detecting extremely low concentrations of E. coli O157:H7 in a 
real, complex matrix within 10 minutes and without much sample preparation. 
 
9.3  Materials and Methods 
9.3.1 Chemicals 
 Goat polyclonal anti-Escherichia coli O157:H7 antibody was purchased from 
KPL (Gaithersburg, MD).  The antibody provided by KPL is highly specific for type 
O157:H7.  Antibody cross-reactivity to other strains of E. coli is minimized by KPL 
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through extensive adsorption using non-O157:H7 E. coli.  All other chemicals were 
purchased from Sigma-Aldrich (Allentown, PA), Pierce, or Fisher Scientific.  
Deionized water used was from a Milli-Q plus ultra-pure water system (18.2 MΩ-
cm). 
9.3.2 Sample Preparation 
Radiation killed E. coli samples were a contribution from Dr. Shu-I Tu (USDA-
ERRC, Wynewood, PA) and were prepared in PBS (10 mM, pH 7.4) by serial 
dilution to concentrations of 100, 1,000, 10,000 and 100,000 cells/mL.  Microscopic 
verification of E. coli sample was carried out at 105 cells/mL56.  Although there is no 
reported literature value of the binding affinity between the goat-polyclonal a-EC 
used in this study and live cells, we believe that it is comparable to the binding 
affinity to irradiated cells (K = 5.3 x 108 M-1)161.  Commercially purchased ground 
beef (2.5 g) was weighed into polypropylene tubes containing 10 mL of PBS.  The 
content was mixed for 2 minutes using a bench top vortex mixer.  A one mL aliquot 
of E. coli sample was added to each beef containing tube to final concentrations of 
10, 100, 1,000, and 10,000 cells/mL.  The E. coli and ground beef suspensions were 
mixed by manually inverting the polypropylene tubes 10 times over five minutes.  
Prior to removing the test sample, the mixed solution was allowed to sit undisturbed 
for 10 minutes.   For a detection experiment, 1 mL of sample solution was removed 
from the beef containing tubes and injected into the flow circuit.  The sample flow 
circuit has a 3 mL hold up volume, therefore, a one-mL sample containing 
concentrations of 10, 100, 1,000, and 10,000 cells/mL was diluted to an effective 
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concentration of 3, 25, 250, and 2,500 cells/mL, respectively.  The concentration 
values reported herein are in terms of sample concentration.   
9.3.3 Experimental setup 
The experimental setup consisted of five fluid reservoirs, two peristaltic 
pumps, and a sensor flow cell (SFC).  A schematic of the experimental setup is given 
in Figure 8-1.  Details of SFC construction have been reported previously58. The 
sensor flow cell (SFC) had a well diameter of 7.0 mm with a hold-up volume of 120 
μL after the sensor was installed. The inlet and outlets were located at the bottom and 
on the side of the cell, respectively, approximately 4 mm apart. Each of the five fluid 
reservoirs were allocated for PBS (10 mM, pH 7.4), Protein G (100 μg/mL), antibody 
(10 μg/mL), test sample, and release solution (PBS/Hal, pH = 2.2). The liquid 
reservoirs were connected to the inlet of the SFC via a five-entrance port manifold 
with a single outlet. The outlet of the flow cell was connected to a peristaltic pump, 
which controlled the flow of the desired fluid into and out of the SFC.  
 The functionalized sensor was installed vertically into the cell filled with PBS 
and was secured in place by a ¼” Swagelock® fitting. The cantilever electrodes were 
connected to an impedance analyzer (Agilent, HP 4192A or HP 4294A) interfaced to 
a PC with LabVIEW® application for recording impedance and phase angle 
measurements in the frequency range of 40 kHz to 1.5 MHz.  Resonant frequency 
values were recorded every 30 seconds and the mean value was calculated over a 2.5 
minute period.  The SFC was maintained at 30 ± 0.1 °C by circulating (17 mL/min) 
constant temperature water 38 ± 0.1 °C through a jacket surrounding the SFC.  Valves 
located at the bottom of each of the fluid reservoirs enabled the selection of the fluid 
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for flow into the SFC or for circulation. Switching the outlet line from the peristaltic 
pump into the desired fluid reservoir enabled total recirculation, when needed. 
9.3.4 Cantilever Fabrication 
Details of PEMC fabrication and its response characteristics have been previously 
reported58.  The cantilever tips were designed with the PZT layer, 4 mm x 1 mm 
(length x width), bonded to the glass layer, 2 mm x 1 mm (length x width), such that 
the 2 mm of glass is available as a surface for antibody immobilization and antigen 
detection.  The average mass of a PEMC sensor was approximately 1 mg.  The glass 
portion of the cantilever was first cleaned with piranha solution (70%:30% volume 
ratios of H2SO4 and 30% H2O2, CAUTION!), followed by DI water, and then dried in 
air.  The cantilever was coated with polyurethane.  Next, the exposed side of the glass 
was sputtered with 100 nm gold (99.9%), using a Denton Desk IV Sputtering System 
(Denton Vacuum, New Jersey).   
 Several cantilevers were fabricated and used in the various experiments 
reported in this paper.  Since the cantilevers are made individually and manually, no 
two have exactly the same resonance characteristics.  Therefore, we used the same 
cantilever in all of the experiments so that a suitable comparison could be made.   
9.3.5 Cantilever Functionalization 
The sensors used in the experiments were used directly after gold coating the glass 
surface.  The sensor was installed in the sample flow cell and stabilized with 10 mM 
PBS for 10 minutes.  The gold sensor surface was exposed to Protein G followed by 
PBS, and finally antibody solution in succession at 0.5 mL/min in a recirculation 
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mode.  After each detection experiment, the sensor surface was cleaned and re-used. 
After three such re-uses, it was recoated.  
9.3.6 Detection Experiments 
The detection experiments were carried at flow rates of 0.5 – 1.0 mL/min.  PBS 
solution was re-circulated through the SFC to ensure the tubing and SFC was flushed 
prior to a detection experiment. The measured resonant frequency of the cantilever 
sensor was monitored until it stabilized before antibody immobilization and 
subsequent antigen detection.  After stabilizing the sensor in PBS, 1 mL of 100 
μg/mL Protein G was flowed past the surface for 75 minutes to attach the protein to 
the sensor surface.  Protein G was introduced to orient the antibody on the sensor 
surface.  Once the Protein G attachment was complete, a PBS flush was performed 
and one mL of 10 μg/mL antibody was flowed past the surface for 90 minutes 
followed by an additional PBS flush.  Typical frequency response of the PEMC 
sensor to Protein G and antibody was 1.3 ± 0.4 (n = 20) and 0.9 ± 0.4 (n = 15) kHz, 
respectively, for the ten sensors that were used.  For a given sensor, the variance for 
Protein G and antibody immobilization was far less, typically 1.2 ± 0.1 and 0.8 ± 0.07 
kHz, respectively.  Prior to detection, each sample tubes containing E. coli and 
ground beef were agitated to ensure proper mixing, and then allowed to sit 
undisturbed for 10 minutes prior to sampling the supernatant.  During this time, the 
large chunks of beef and particles settled to the bottom of the tube.  A one-mL sample 
was removed from the sample supernatant and was added to the sample reservoir.  
Detection was initiated by flowing the sample past the sensor surface at 0.5 – 1.0 
mL/min in recirculation mode until steady state was reached.  Steady state was 
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assumed to have been reached if the sensor resonance frequency was within ± 30 Hz 
for a minimum of 10 minutes.  Since the total volume in the flow circuit was 
approximately 3 mL, a ten minute time course would allow 3 – 4 fluid exchanges,  
which is sufficient to ensure the previous solution has been cleared from the circuit.  
After this, the flow circuit was rinsed with PBS followed by the release buffer to 
release the bound antigen.  Finally, a PBS flush was carried out until the resonant 
frequency value reached steady state to remove weakly attached and suspended 
particles.  To confirm that the sensor response was due to antigen binding, both 
positive and negative control samples were carried out at the same temperature and 
flow rate.  The positive control was response of PEMC sensor that was not prepared 
with the antibody and exposed to 100,000 cells/mL E. coli.  Negative control was the 
response of antibody-immobilized PEMC sensor to a one-mL sample of ground beef 
in PBS at 1.0 mL/min.   
9.3.7 Scanning Electron Microscopy 
In one of the detection experiments the cantilever tip was fractured and preserved for 
examination under a scanning electron microscope (SEM).  Prior to fracturing the tip, 
the cantilever was rinsed three times with deionized water and dried at room 
temperature (22°C) for 24 hours.  The surface of the cantilever was gold coated and 
examined at 10,000x using a field emission Phillips XL30 scanning electron 
microscope with a 3.00 kV acceleration voltage.  Similar analysis was performed with 
two additional EC samples prepared on glass slides. 
9.4 Results 
9.4.1 Resonance characterization of PEMC sensors 
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Approximately 10 cantilever sensors were fabricated and used in the 
referenced detection experiments.  The resonant spectra of PEMC sensors in air and 
under liquid immersed conditions have been described previously58.  The resonant 
mode located at 997 kHz was used in all of the detection experiments and is shown in 
Figure 9-1.  The resonant frequency decreased from 997 to 920 kHz in PBS under 1 
mL/min flow conditions and had a Q of 43 and 29, respectively.  The sensors used in 
the experimental plan were chosen from the subset of 10 that exhibited similar 
characteristics.  For brevity, the data from one cantilever is presented in this report.  
  
9.4.2 Detection of E. coli O157:H7 in meat samples 
Ground beef samples inoculated with E. coli O157:H7 were prepared as 
described earlier.  Figures 9-2A and 9-2B show the sensor response to E. coli 
attachment at 0.5 mL/min for various beef samples.  In all cases, the frequency 
response showed a rapid decrease during the first 10 minutes followed by a slower 
change that reached a constant value within 40 minutes.  Experiments in Figure 9-2A 
and 9-2B were carried out at 10, 100, 1,000, and 10,000 cells/mL and resulted in 
resonant frequency decreases of 138 ± 9 (n = 2), 735 ± 23 (n = 2), 2,603 ± 51 (n = 1), 
and 7,184 ± 606 (n = 2) Hz, respectively.  In a recent study we reported the sensitivity 
of the PEMC sensors in the range of 0.3 to 2 fg/Hz108.  The magnitude of frequency 
response for the lowest concentration of E. coli (10 cells/mL) is well within the 
sensors proven limit of detection.  For the highest cell concentration (10,000 
cells/mL), the rate of decrease was more rapid compared to the lowest concentration 
(10 cells/mL) sample.  This is an expected response since the binding rate is 
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proportional to antigen concentration.  Positive and negative controls yielded an 
essentially zero response of 36 ± 6 and 27 ± 2 Hz, respectively.  Additionally, a 
reference sample containing PBS only was analyzed and yielded a zero response (2 ± 
7 Hz).   
 During a typical detection experiment, only a small fraction of the total cells 
in the liquid bind to the sensor because of local fluid dynamics.  Assuming that the 
sensor oscillation amplitude is on the order of a few nanometers and an average flow 
rate of 0.5 mL/min, the average residence time in the sample flow cell is about 12 
seconds.  Given a mean diffusion rate of E. coli cell can be approximated as 8.2 x 10-7 
cm2/s65, we conclude that diffusional transport is small, and the sensor senses only a 
small volume. Therefore, the frequency change observed is due to detection of a 
small percentage of total cells in solution.  Further optimization of the current 
experimental design is being explored to increase the probability of the target 
pathogen contacting the sensor surface. 
 Plotting the sensor response data from Figure 9-2A and 9-2B versus the log of 
E. coli concentration in the beef samples gives rise to a curve showing resonant 
frequency change increases in a nearly linear fashion with concentration in the 100 – 
10,000 cells/mL range (data not shown).  Similar results were previously obtained for 
B. anthracis spores57 at a lower-order resonance mode.  Here it was shown that a 
calibration relationship exists for estimating concentration from sensor response and 
can be stated as: 
B
AfCb
+Δ−= )()log( 0     (9-1) 
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where A is the y-intercept and B is the slope of the resulting line.  The term )( fΔ−  is 
the steady state resonance frequency change and Cb0 is the concentration of EC in the 
sample.  The parameters A and B depend on cantilever dimensions, antibody binding 
constant, and antibody surface concentration.  Fitting the data in Fig 9-2A to Equation 
(9-1) yields a straight line gave a correlation coefficient of 0.95, with A = 6166.2 and 
B = 1400.4.  We find Equation (9-1) does not hold at very low concentrations of 10 
cell/mL, as the correlated value deviates from experimental data.  Examining the 
frequency response over the entire concentration range investigated (10 – 10,000 
cells/mL) gives rise to the following logarithmic relationship: 
A
b B
fC ⎟⎠
⎞⎜⎝
⎛ Δ−= )()log( 0      (9-2) 
 where A and B are correlation constants.  Fitting the data in Figure 9-2 to Equation 
(9-2) gave a correlation coefficient of 0.99, with A = 1.75 and B = 44.14 (Figure 9-3).  
Fitting the data obtained for B. anthracis57 with Equation (9-2) gave a correlation 
coefficient of 0.93, with A = 2.88 and B = 19.38.  Since higher order modes are more 
sensitive, the resonant peak used for detecting EC would have given rise to a higher 
frequency change for the corresponding sample concentrations. 
9.4.3 Confirmation of E. coli O157:H7 detection 
One way to obtain confirmation that the observed resonance frequency 
decrease is indeed due to EC attachment on the sensor surface, is to determine if 
antibody will attach to already detected EC on the surface.  Since the antibody used in 
this investigation is a goat polyclonal, our expectation is the antibody binding sites on 
EC will still be accessible even though EC is surface-immobilized.  For the case of a 
100 cells/mL experiment, subsequent to detection and PBS flush, one mL of 10 
  
152 
 
μg/mL of antibody was pumped into the flow cell in recirculation mode for 30 
minutes.  The 100 cells/mL sample resulted in a frequency change of 1267 ± 17 Hz 
(Fig. 9-4) and the PBS flush created a very small further change.  The antibody 
caused a further resonant frequency decrease of 288 ± 11 Hz. The decrease due to 
binding of antibody to the sensor-bound cells confirms that the frequency decrease 
observed during detection was due to E. coli O157:H7 binding to the sensor. It is 
interesting to note that the response to antibody was almost one-fifth of that due to the 
cells.  
9.4.4 Sequential attachment of E. coli O157:H7 in meat samples 
Sensor response to increasing concentrations of E. coli O157:H7 in beef 
samples was analyzed.  A ground beef sample containing 10 cells/mL was flowed 
past the sensor surface at 1.0 mL/min followed by a PBS flush and a second sample 
containing 100 cells/mL.  The results give in Figure 9-5 show sensor response of 191 
± 32 and 683 ± 46 Hz, respectively, for the two concentrations.  Following the 
sample, PBS flush resulted in a slight frequency decrease (~ 35 Hz) which may have 
been due to the density difference between the buffer and the beef sample.   
 
Another sequential attachment was conducted by serially flowing 10, 100, and 1,000 
cells/mL samples and is shown in Figure 9-6.  The frequency change resulting from 
the three sequential additions were 122, 991, and 1,343 Hz, for a total frequency 
change of 2,456 Hz.  Following EC attachment, PBS flush resulted in a 80 Hz 
increase. 
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The post-detection PBS flush resulted in a resonant frequency change ranging 
between -40 and +80 Hz.  While the exact reason behind the variation and degree of 
frequency change observed during the PBS flush is not known, the change resulting 
from the PBS flush is small in comparison with the change resulting from EC 
detection.  The resultant frequency change during the PBS flush was small in 
comparison with the frequency change due to lowest concentration of EC in the 
samples (10 cells/mL). At the lowest concentration (10 cells/mL) the response level 
ranged from 122 to 191 Hz depending on the sensor and antibody-immobilization.  
Given that the noise in the measurement ranged from 5-20 Hz, and the negative and 
positive control responses were in the range of 0±20 Hz, we conclude that sensor 
response to 10 cells/mL was at a signal to noise ration greater than 6. From a 
measurement perspective, and based on the experiments done to date, we estimate 
lower detection limit as ~ 10 cells/mL in beef matrix, or a total cell detection limit of 
10 in a sample.  
  
9.4.5 Release of bound E. coli O157:H7 
Another method to confirm that sensor response is due to attachment of target 
pathogen, is to release the bound cells and compare the resulting sensor response.  
The expectation is the response will be of same magnitude, but opposite in direction. 
At the conclusion of the experiment given in Figure 9-7, a PBS/HCl (pH 2.2) solution 
was flowed past the sensor surface followed by a PBS flush.  The resulting increase in 
frequency of 2,362 Hz was within 4 % of the frequency change due to sample 
exposure, and is shown in Figure 9-8.  A second meat sample result is given in Figure 
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9-9 that illustrates the typical release response.  Here, attachment of 10 cells/mL of E. 
coli was followed by a PBS flush, a release, and a second PBS flush.  The resultant 
resonant frequency shift of 130 Hz was within 2 % of the pre-antigen resonant 
frequency value.  It is important to note that both the sample flow cell and feed lines 
were flushed with PBS before and after the E. Coli detection and that the release 
solution is prepared using PBS.  This ensures that the viscosity and density of the 
fluid surrounding the sensor after detection and prior to release is nearly the same.  
Additionally, we have previously shown that release of bound antigens using a buffer 
with pH 2.2 does not result in the release of bound antibody or Protein G108.  
Therefore, the results in Figs. 9-8 and 9-9 show that the change in frequency is indeed 
due to the release of bound E. coli cells. 
 
9.4.6 Identification of bound E. coli O157:H7 using SEM 
In order to obtain visual confirmation of detection, three sensor samples were 
analyzed in a scanning electron microscope (SEM).  Following a detection 
experiment of 100 cells/mL, the PEMC sensor was rinsed with deionized water and 
dried at room temperature (~ 22°C) for 24 hours.  Two additional samples were 
prepared on antibody-functionalized glass slides exposed to cell concentrations of 10 
cells/mL and 1,000 cells/mL, respectively.  After exposure, the slides were rinsed 
with deionized water and dried at room temperature (~ 22°C) for 24 hours.  SEM 
examination of approximately fifty fields of 25-35 μm2 was conducted.  The glass 
slide exposed to 10 and 1,000 cells/mL showed 1 cell and 7 cells, respectively in the 
evaluated region.  Visual inspection of the PEMC sensor used for 100 cells/mL 
  
155 
 
detection showed 2 cells in the inspected fields.   In all of the samples exposed, close 
packing of cells was not observed.  It is estimated that the surface covered by cells in 
each sample was less than 0.2 %. 
 
9.4.7 Impact of Flow rate on Kinetics 
The effect of flow on the kinetics of binding is best quantitatively determined 
using the approach reported previously44, 56. At time close to zero, there are no 
concentration gradients, and thus diffusion effects are absent.  Since the bulk 
concentration of E. coli (Cb0) is known accurately at t = 0, limiting the rate analysis to 
the initial time period was shown as a good approach to determine the kinetics of 
attachment characterized by the parameter kobs, that is, the value of kobs, can be 
determined by analyzing the experimental data in light of the model represented by74: 
τobskf
ff −=Δ
Δ−Δ
∞
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)()(ln(     (9-3) 
Fitting the initial sensor response to E. coli detection presented in Figs 9-2A and 9-2B 
to Equation (9-3) gives straight lines with excellent correlation coefficients ranging 
from 0.97 to 0.98 and kobs values of 0.046, 0.052, 0.099, and 0.212 min-1 for EC 
concentrations of 10, 100, 1,000  and 10,000 cells/mL, respectively (figure not 
shown).  The dependence of kinetics on bulk concentration for Bacillus anthracis57 
and bovine serum albumin162, has been previously found to follow the Langmuir 
model for adsorption.  Although the Langmuir model is an adsorption process, the 
bond energy is high and is generally considered to be equivalent to a covalent bond 
formation.  Since attachment of EC to the sensor exhibits the same exponential 
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character previously identified, it is reasonable to conclude that similar behavior has 
been observed for the EC results obtained herein. 
 
9.5 Conclusions 
 Several recent large outbreaks of disease from E. coli O157:H7 associated 
with ground beef have illustrated the importance of food safety and the critical need 
for rapid and sensitive detection systems for pathogen presence4.  The U.S. Food 
Safety Inspection Service (FSIS) has established a zero tolerance threshold for E. coli 
O157:H7 contamination of raw meat products.  The approach of enrichment plating is 
time consuming as available detection technologies require additional preparation 
steps prior to detection.  Using this method to detect an infective dose of E. coli 
O157:H7 requires culture enrichment to increase cell concentration and may take 
between 8 – 72 hours158, 159.  The PEMC platform allows for rapid detection of E. coli 
O157:H7 at low concentrations with no culture enrichment.  Here, the PEMC 
platform has been shown to be sensitive enough to detect concentrations of 10 to 
10,000 cells per gram of ground beef with a 10 minute cycle time and no sample 
preparation or culture enrichment steps. 
 More recently, real-time and conventional polymer chain reaction (PCR) 
platforms have been adopted for routine detection of E. coli O157:H7 in food 
samples143, 160.  The use of PCR decreases the analysis time observed in culture 
enrichment and plating techniques by approximately 24 hours, however, requires the 
use of multiple primers and labeled reagents.  PEMC sensors allow detection of food 
contaminants without the use of additional reagents.  Raw samples may be directly 
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injected into the detection apparatus to determine the presence of pathogenic 
contaminants.   
 The PEMC sensor has been shown to be sensitive in complex matrixes.  
Ground beef mixed in buffer contains a large number of mixed particles that include 
fats and lipids, making the sample a turbid environment.  This complex sample may 
compromise the ability of other platforms to detect pathogens that may be present due 
to non-specific adsorption between the contaminants and the sensor.  Through the 
analysis of positive and negative controls, we have demonstrated detection of EC in 
the presence of large and small contaminant particles, showing that the sensor is 
selective to EC binding, and not to other non-specific adsorption.   
 One current limitation of the PEMC platform is the inability to differentiate 
between viable and non-viable organisms.  Other than traditional plating techniques, 
the majority of current pathogen detection technologies share this limitation.  One 
possible way to circumvent this limitation is to add a short (~ 2 hour) enrichment step 
after sample detection.  Once the enrichment step has been performed, the sample can 
be reanalyzed, and the resultant frequency change can be evaluated against the 
original sample.  Coupling the results pre- and post-enrichment with known 
frequency shifts per known concentration will enable an approximation of non-viable 
to viable cells. 
 The high sensitivity of the PEMC sensor platform enables the detection of 1 
cell/mL in solution.  However, due to the difficulty of ensuring one cell in a one mL, 
a sample of 10 cells/mL was used to establish the limit of detection.  Additionally, the 
ability of the sensor to detect a cell in solution is strongly influenced by flow cell 
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geometry and sample flow rate.  These parameters were not optimized in the present 
study and are currently being pursued. 
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Figure 9-1 
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Figure 9-1. Resonance spectrum of a PEMC sensor. The spectra, a plot of phase angle versus 
excitation frequency, showed one resonant peak in air at 997.0 ± 0.05 kHz. When the sensor was 
submerged in PBS at 1.0 mL/min the resonant frequency decreased to 920.0 ± 0.05 kHz.  Also the 
peak height decreased in liquid by ~ 30%, due to damping. Peak quality (Q-factor) decreased 
from 43 to 29 in going from air to liquid flow conditions. 
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Figure 9-2 
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Figure 9-2. Panel A. Resonant frequency decrease upon binding of E. coli to the antibody-
immobilized sensor surface at various concentration.  The three curve groupings represent 3, 250 
and 2,500 cells/mL.  Rate of binding depends on concentration.  The control was an antibody-
immobilized sensor in PBS (pH 7.4) flowing at 1.0 mL/min.  Response was 2 ± 7 Hz.  Panel B.  
Resonant frequency response upon binding of a  sample containing 3 cells/mL of E. coli. The 
control, an antibody-immobilized cantilever in PBS (pH 7.4) at 1.0 mL/min,  gave a response of 4 
± 9 Hz.  A positive and negative control yielded an essentially zero response of 36 ± 6 and 27 ± 2 
Hz, respectively.  The positive control was response of PEMC sensor to EC containing sample, 
but the sensor was not immobilized with the antibody.  Negative control was the response of 
antibody-immobilized PEMC sensor to ground beef in PBS at 1.0 mL/min, but sample was not 
spiked with EC.  
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Figure 9-3 
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Figure 9-3. Resonant frequency change as a function of E. coli concentration.  Panel A.  Plot of 
the sensor response data from Figure 3A and 3B versus the log of E. coli concentration in the 
beef samples.  Linear behavior is observed for sample concentrations ranging from 25 – 2,500 
cells/mL.  Panel B.  Plot of the same sensor response data in a log-log plot.  
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Figure 9-4 
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Figure 9-4. “Sandwich” Response. First the PEMC sensor was exposed to 25 cells/mL for 43 
minutes, followed by PBS (11 min) and then goat polyclonal antibody (10 mg/mL) to EC.  The 
initial attachment of cells caused a resonance frequency decrease of 1,267 ± 17Hz, and the second 
antibody flow caused a decrease of 288  ± 11Hz Hz 
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Figure 9-5 
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Figure 9-5. Sequential exposure of 3 and 25 cells/mL sample prepared in ground beef plus PBS 
buffer to an antibody-immobilized sensor.  The sensor response to 3 cells/mL and 25 cells/mL 
was 191 +/-  Hz.  For comparison, the PBS Control (2 +/- 7 Hz) is included in the graph. 
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Figure 9-6 
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Figure 9-6. Sequential exposure of 3 and 25 cells/mL sample prepared in ground beef plus PBS 
buffer to an antibody-immobilized sensor.  The sensor response to 3 cells/mL and 25 cells/mL 
was 683 +/- 46 Hz.  For comparison, the PBS Control (2 +/- 7 Hz) is included in the graph. 
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Figure 9-7 
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Figure 9-7. The attachment of E. coli was completed by sequentially flowing 3, 25, and 2,500 
cells/mL samples past the sensor surface.  Samples were prepared in 2.5 g ground beef in 10 mL 
PBS buffer.  The frequency change resulting from the sequential addition was 122 ± 5, 991 ± 12, 
and 1,343 ± 34 Hz, for a total frequency change of 2,456 Hz.   
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Figure 9-8 
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Figure 9-8. PEMC sensor response to attachment and release of E. coli O157:H7.  The 
attachment and release from a sequential addition of 3, 25, and 250 cells/mL samples.  The total 
frequency change due to the binding and release were 2,456 +/- 20 Hz and 2,362 +/- 20 Hz, 
respectively.  Negative control response was 27 +/- 2 Hz and is not shown for clarity. 
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Figure 9-9 
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Figure 9-9. PEMC sensor response to attachment and release of E. coli O157:H7.  The 
attachment and release from the addition of 3 cells/mL sample.  The total frequency change due 
to the detection and release were 132 +/- 7 Hz and 130 +/-  7 Hz, respectively.  Negative control 
response was 27 +/-  2 Hz and is not shown for clarity. 
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Chapter 10: Preparation-free method for detecting Escherichia coli O157:H7 in 
the presence of spinach, spring lettuce mix, and ground beef particulates 
 
10.1 Abstract 
We show the detection of 100 cells/mL of E. coli O157:H7 in the presence of 
spinach, spring lettuce mix, and ground beef samples particulate matter using 
piezoelectric-excited millimeter-sized cantilever (PEMC) sensors.  The PEMC 
sensors (sensing area 2 mm2) were immobilized with polyclonal antibody specific to 
E. coli O157:H7 (EC) and were exposed to ten aqueous washes of locally purchased 
spinach, spring lettuce mix and ground beef for testing if EC was present.  Absence of 
resonance frequency shift indicated that EC was not present in the 30 samples tested.  
Following the last sample in each food matrix, 1,000 cells/mL of EC was spiked into 
the sample container and resonance frequency change was monitored.  The total 
resonance frequency change was 880 ± 5, 1875 ± 8, and 1417 ± 4 Hz, for spinach, 
spring lettuce mix, and ground beef, respectively.  A mixture of the three food 
matrices spiked with 100 cells/mL EC gave a sensor response of 260 ± 5 Hz.  The 
resonance frequency changes are approximately 40 % lower than our previously 
reported work in ground beef.  It is suggested that the reduction in sensitivity is due to 
differences in pathogen adherence to food matrices which affects target binding to the 
sensor surface.  We conclude that detection selectivity is conserved in the three food 
matrices examined, and that the magnitude of sensor response is a function of the 
food matrix. 
10.2 Introduction 
The ability to rapidly detect foodborne pathogens in complex matrices without 
sample preparation is an important attribute of a sensor for the food processing 
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industry.  Traditionally, detection of foodborne pathogens involves sample collection, 
enrichment, followed by isolation and identification of the target organism by a 
variety of methods.  The current methods include enrichment and plating in selective 
media158, 159, as well as methods such as polymerase chain reaction (PCR)8, 143, 160, 
fiber optic biosensors3-5, immuno-magnetic beads29, 30, quartz crystal microbalance 
(QCM)25, and evanescent wave-based detectors163.  Each stated method has its own 
limitations with respect to time-to-result, requirement for sample pre-enrichment, 
cost, sensitivity and selectivity 
Enterohemorrahagic Escherichia coli O157:H7 is a facultative gram-negative 
bacillus that has been implicated in outbreaks of illness due to ingestion of meats, 
water, and uncooked fruits and vegetables143, 160.  In a recent study, we showed the 
development of piezoelectric-excited millimeter-sized cantilever (PEMC) sensors 
comprising of a piezoelectric and non-piezoelectric layer.  The PEMC sensor has 
excellent mass sensitivity in liquids of 0.3 – 2.0 fg/Hz108 and specificity to target 
molecules in complex matrices59, 164.  Furthering our previous work in ground beef164, 
in this note we report on successful application for E. coli detection in other common 
food matrices.   
10.3 Materials and Methods 
10.3.1 Chemicals 
Goat polyclonal anti-Escherichia coli O157:H7 antibody (a-EC) was 
purchased from KPL (Gaithersburg, MD).  The antibody provided by KPL is highly 
specific for type O157:H7.  Antibody cross-reactivity to other strains of E. coli is 
minimized by KPL through extensive adsorption using non-O157:H7 E. coli.  All 
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other chemicals were purchased from Sigma-Aldrich (Allentown, PA), Pierce, or 
Fisher Scientific.  Deionized water used was from a Milli-Q plus ultra-pure water 
system (18.2 MΩ-cm). 
10.3.2 Sample Preparation 
 Radiation killed-E. coli O157:H7 samples were a contribution from Dr. Shu-I 
Tu (USDA-ERRC, Wynewood, PA).  Microscopic verification and coulter counter 
analysis of E. coli samples were carried out at 105 cells/mL164.  Samples were 
prepared in PBS (10 mM, pH 7.4) by serial dilution to a concentration of 100 and 
1,000 cells/mL.  Commercially purchased ground beef (2.5 g), spring lettuce mix (2.5 
g), and spinach (2.5 g) were weighed into polypropylene tubes containing 10 mL of 
PBS (Figure 10-1A).  Prior to detection, each sample tube containing ground beef, 
spring lettuce mix, and spinach was mixed for 2 minutes using a bench top vortex 
mixer (Figure 10-1B).  Prior to removing the test sample, the mixed solution was 
allowed to sit undisturbed for 10 minutes (Figure 10-1C). During this time, the large 
particles settled to the bottom of the tube.   For a detection experiment, a one mL 
aliquot of each suspension was removed and analyzed.  After a series of samples were 
analyzed, a 1 mL of 1,000 cells/mL E. coli was added to the last sample tested in each 
sequence.  The sample flow circuit has a 3 mL hold up volume, therefore, a one-mL 
sample containing 1,000 cells/mL was diluted to an effective concentration of 250 
cells/mL.  The concentration values reported herein are the values in the introduced 
sample.  
10.3.3 Experimental setup 
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The experimental setup consisted of five fluid reservoirs, two peristaltic 
pumps, and a sensor flow cell (SFC).  Details of SFC construction and geometry, as 
well as, experimental arrangement, have been reported previously58, 164 
10.3.4 Cantilever Fabrication and Functionalization 
Details of PEMC fabrication and its response characteristics have been 
previously reported164.  After fabrication, the sensing surface was coated with 100 nm 
gold (99.9%) and antibody was immobilized as described previously164.  Several 
cantilevers were fabricated and used in the various experiments.  In the present paper, 
we used the same cantilever sensor in all of the experiments so that quantitative 
comparisons could be made.   
10.3.5 Detection Experiments 
All detection experiments were conducted with PBS as the running buffer at 
0.5 mL/min.  After stabilizing the sensor resonance frequency in PBS, 1 mL of 100 
μg/mL Protein G was flowed past the surface for 75 minutes to immobilize the 
protein on the sensor surface.  Protein G is known to bind to the Fc region of IgG, 
thereby exposing the binding Fab region.  After Protein G attachment, PBS flush was 
performed and one mL of 10 μg/mL a-EC was flowed past the sensor for 90 minutes, 
followed by an additional PBS flush.  Typical frequency response of the PEMC 
sensor to Protein G and antibody were 1.5 and 1.1 kHz, respectively, and are similar 
to the values obtained previously164.  Detection was initiated by flowing the sample (1 
mL) past the sensor surface for 10 minutes at 0.5 mL/min in recirculation mode and 
monitoring resonance frequency.  Nine samples of each food matrix were introduced 
sequentially to determine if any of the locally purchased samples contained E. coli 
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O157:H7.  A 5 minute PBS flush was performed after each food sample.  The sensor 
exposure time was chosen as a result of previous work showing that positive 
confirmation of E. coli were observed within 10 minutes164.  After the last food 
sample addition, a 1 mL sample of 1,000 cells/mL EC was spiked into the last sample 
and the resonance frequency was monitored until a new resonance frequency was 
reached.  This experiment was performed for nine samples each of ground beef, 
lettuce spring mix, and spinach.  An additional detection was conducted where a one 
mL sample of spinach, spring lettuce mix, and ground beef were flowed past the 
sensor sequentially, followed by a 1 mL sample of 100 cells/mL EC.   
10.4 Results and Discussion 
10.4.1 Detection of E. coli O157:H7 in food matrices 
Ground beef, spring lettuce mix, and spinach samples were prepared as 
described earlier.  Figures 10-2 – 10-4 show the sensor response to the nine sequential 
samples of spinach, spring lettuce mix, and ground beef, respectively, followed by 
introduction of 1,000 cells/mL E. coli.   In all cases, the frequency response did not 
show any significant change due to the nine sequential food sample additions.  
Previously, we have shown that the limit of detection (LOD) of the PEMC sensor is 
approximately 10 cells/mL164.  A near-zero response for the nine samples of each 
food matrix tested indicates the absence of contamination within this range. 
Following the nine food samples, 1 mL of 1,000 cells/mL EC was added to the last 
sample reservoir.  The total resonance frequency decrease observed was 880 ± 5, 
1875 ± 8, and 1417 ± 4 Hz, for spinach, spring mix, and ground beef, respectively.  
Previously, we have shown that the average resonance frequency change measured 
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for a 1 mL ground beef sample spiked with 1,000 cells/mL EC was 2,603 ± 51 Hz164, 
which is approximately 30 – 65 % higher than the results found in this study.  We 
hypothesize that the EC in solution adheres differently to each food matrix, thereby 
introducing a matrix-dependant variability in the measurement.  Additionally, it is 
suggested that the introduction of nine sequential food samples in the sensing flow 
circuit causes more of the EC to adhere to the suspended particulate matter, 
interfering with EC's binding to the antibody immobilized sensor surface.  The 
increase in particle density was qualitatively observed during the course of each 
experiment by the increase in optical density after each sample addition.  To reduce 
or eliminate this effect, an extended PBS flush may be required after each sample.  
The five-minute PBS flush performed was sufficient for two fluid exchanges within 
the cell, but may not have been enough to remove all particulate matter. 
   The steady-state frequency response of the sensors gives information on the 
target concentration, while kinetics gives information on the concentration of 
particulate density.  A similar matrix-dependant effect of contaminating species 
(particle density) on detection kinetics has been seen with Bacillus anthracis spores in 
the presence of two contaminant strains of Bacillus59 In that study, the rate of 
attachment decreased due to the presence of contaminant species, suggesting that the 
transport of target spores from the bulk to the sensor surface is a strong function of 
contaminant concentration.  Similarly, here we see a difference in the rate of EC 
attachment for the three food matrices tested.  Ground beef and spring lettuce mix 
were more rapid (~21 minutes) compared to spinach response (~33 minutes). It is 
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reasonable to suggest that the particulate concentration were different in the three 
matrices, thus affecting the observed binding kinetics. 
 After examining the three different food matrices individually, the effect of 
sequentially loading the sample flow circuit with multiple food matrices was 
evaluated.  One sample of spinach, spring lettuce mix, and ground beef was flowed 
into the flow circuit sequentially, followed by a 1 mL sample of 100 cells/mL EC 
(Figure 10-5).  The three food samples generated near zero responses of 21 ± 8, 31 ± 
13, and 16 ± 3 Hz for the spinach, spring lettuce mix, and ground beef, respectively.   
The resonance frequency decrease due to 100 cells/mL EC was 260 ± 5 Hz, which 
was significantly higher than the measured noise.  In our earlier work, the average 
resonance frequency decrease due to 100 cells/mL EC spiked in ground beef was 735 
± 23 Hz151, which is approximately 65 % higher than what was determined here.  In 
buffer, 100 cells/mL EC gave a response of 1,182 ± 33 Hz148.  As noted earlier, we 
believe that a matrix-dependant variability is present.   
 Average measurement noise level of ± 13 Hz was obtained when running 
buffer, PBS was used.  On the other hand, when food matrices were introduced, the 
noise level increased to ± 32 to ± 71 Hz determined over a 10-minute time interval.  
Visually, the particulate concentration in the food samples correlated to the signal 
noise.  Each of the three foods tested contained a variety of biomolecules that 
increased the optical density (OD) of the solution.  The OD at 600 nm of buffer, 
spinach, spring lettuce mix, and ground beef samples were 1.316, 0.374, and 2.205, 
with PBS as reference.  The increase in observed optical density confirms the visual 
observation of macroscopic and microscopic particles in solution.  Particulates impact 
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sensor performance in two ways.  First, as mentioned above, a high number of 
particles may decrease the number of EC that can potentially contact the sensor 
surface due to adherence of the pathogen to the particulate matter and/or adherence to 
senor surface, thereby reducing available sensing sites.  Although the sensor is quite 
sensitive for detecting pathogens, ~10 cells/mL in ground beef164, the sequential 
loading of the flow circuit increased the particle concentration to a point where an 
overall decrease in sensitivity is observed.  Secondly, we believe that the active 
vibration of the sensor combined with a ~ 0.1 cm/s flow, eliminates a majority of 
non-specific adsorption in real matrices.  Non-specific adsorption would result in an 
amplified resonance frequency decrease during detection experiments.  Using the 
response of positive and negative controls, we have previously demonstrated 
detection of 10 – 1,000 cells/mL in the presence of large and small contaminant 
particles, showing that the sensor is selective and is relatively insensitive to non-
specific adsorption151.  In order to improve the system performance as it relates to 
noise, the sample may filtered taking care to prevent removal of the target pathogen.   
10.5 Conclusions 
We showed that the PEMC sensor rapidly detects E. coli O157:H7 that has 
been added to a variety of food samples at low concentrations.   The PEMC sensor is 
capable of detecting the pathogen present in each of the samples analyzed without 
culture enrichment or sample preparation.  The PEMC sensor provides sensitive 
measurement of 100 to 1,000 cells per mL of food washes with a 20 minute cycle 
time. The current work extends the application of the PEMC sensor to other complex 
food matrices and shows that a variety of samples may be directly injected into the 
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detection apparatus for determining the presence of pathogens.  Although the 
experiments were conducted with E. coli O157:H7, the same approach would be 
effective for other foodborne pathogens such as Salmonella, Campylobacter, Listeria, 
and others.  The detection fidelity in each case is governed by the quality of antibody 
and its binding constant.  Higher sensitivity can be achieved by adding a filtration 
step prior to detection to remove large particles while ensuring passage of target 
pathogens.  Such a requirement may be followed by a buffer exchange to assist in 
releasing bound pathogens.  Additionally, by extending the buffer flush period post 
sample injection, particulate loading can be minimized resulting in sensitivity 
comparable to single injection runs.  By adopting the two procedures, sensor response 
can be optimized to detect multiple, real-matrix samples.  
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Figure 10-1 
 
Figure 10-1. Sample solutions of spinach (A), spring lettuce mix (B), and ground beef (C) before 
mixing (Panel A), after mixing (Panel B), and after a 10-minute settling time (Panel C). 
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Figure 10-2 
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Figure 10-2. Resonance frequency change during nine sequential samples of spinach (Following 
the last food sample, 1,000 cells/mL E. coli was added to the food solution and the resulting 
decrease in resonance frequency was 880 ± 5 Hz.  Each addition is represented by a S or B 
(spinach or buffer). The control in each experiment was an antibody-immobilized sensor in PBS 
(pH 7.4) flowing at 1.0 mL/min.  Average response was 5 ± 5 Hz.  The signal noise ranged from 
±32 to ±71 Hz for the series of food samples. 
 
 
 
 
 
 
 
 
 
 
 
  
179 
 
Figure 10-3 
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Figure 10-3. Resonance frequency change during nine sequential samples of spring lettuce mix.  
Following the last food sample, 1,000 cells/mL E. coli was added to the food solution and the 
resulting decrease in resonance frequency was 1875 ± 8 Hz.  Each addition is represented by a 
SM or B (spring mix or buffer). The control in each experiment was an antibody-immobilized 
sensor in PBS (pH 7.4) flowing at 1.0 mL/min.  Average response was 5 ± 5 Hz.  The signal noise 
ranged from ±32 to ±71 Hz for the series of food samples. 
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Figure 10-4 
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Figure 10-4. Resonance frequency change during nine sequential samples of ground beef.  
Following the last food sample, 1,000 cells/mL E. coli was added to the food solution and the 
resulting decrease in resonance frequency was 1417 ± 14 Hz.  Each addition is represented by a 
GB or B (ground beef or buffer). The control in each experiment was an antibody-immobilized 
sensor in PBS (pH 7.4) flowing at 1.0 mL/min.  Average response was 5 ± 5 Hz.  The signal noise 
ranged from ±32 to ±71 Hz for the series of food samples. 
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Figure 10-5 
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Figure 10-5. Sequential spinach, spring lettuce mix, ground beef, and 100 cells/mL EC additions 
to an antibody-immobilized sensor.  A near zero change in resonance frequency was observed for 
the food samples while the addition of EC caused a 260 Hz decrease.  Signal noise for the three 
food samples ranged from ±22 to ±40 Hz.  
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Chapter 11: Detection and Confirmation of Staphylococcal Enterotoxin B in 
Apple Juice and Milk using Piezoelectric-Excited Millimeter-Sized Cantilever 
(PEMC) Sensors at 2.5 femtograms/mL 
 
11.1 Abstract 
A sensitive and reliable method for the detection of a model toxin, staphylococcal 
enterotoxin B (SEB) in buffer, apple juice and milk is shown using piezoelectric-
excited millimeter-sized cantilever (PEMC) sensors.  Limit of detection in spiked 
milk and apple juice samples is 10 fg (2.5 fg/mL) and 100 fg (25 fg/mL), 
respectively.    PEMC sensors (2 mm2 ) prepared by immobilizing polyclonal 
antibody specific to SEB were exposed to 1 mL of milk (1% low fat) and apple juice 
containing 10 fg to 10 ng (effective concentration 2.5 fg/mL to 2.5 ng/mL).  Sensor 
response to 100 fg (25 fg/mL), 1 pg (250 fg/mL), and 10 pg (2.5 pg/mL) SEB in apple 
juice resulted in resonance frequency decreases of 113 ± 18 (n=4), 308 ± 24 (n=4), 
and 521 ± 20 (n=2) Hz, respectively.  In milk 10 fg (2.5 fg/mL), 100 fg (25 fg/mL), 1 
pg (250 fg/mL), and 10 (2.5 pg/mL) SEB resulted in resonance frequency decreases 
of 126 ± 18 (n=2), 143 ± 35 (n=4), 310 ± 32 (n=5), and 557 ± 25 (n=2) Hz, 
respectively. Positive detection of SEB in the sample solution was observed within 
the first 20-minutes.  The responses of the sensor to positive (SEB present, but no 
antibody on sensor), negative (SEB absent, antibody on sensor), and buffer (SEB 
absent, antibody on sensor) controls were -17 ± 10 (n=3), -9 ± 5 (n=3), and -6 ± 12 
(n=18) Hz, respectively.  Positive verification of SEB detection was confirmed by 
two methods: (1) low-pH buffer release caused increase in resonance frequency, and 
(2) second antibody binding to SEB attached to sensor caused further resonance 
frequency decrease.  The significance of these results is that PEMC sensors can 
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reliably detect SEB at 10 to 100 fg (effective concentration of 2.5 and 25 fg/mL) in 
complex fluids without sample preparation or the use of labeled reagents. 
 
11.2 Introduction 
Rapid detection, identification, and quantification of trace levels of toxins in 
food matrices are important, particularly from an anti-bioterrorism technology 
perspective.  Several immuno-based methods have been reported for the detection of 
toxins including surface plasmon resonance (SPR)165-167, piezoelectric crystal sensors 
168, 169, fluorescent immunoassay 170-174, fiber optic biosensors 175, enzymatic 
immunoassay176, magnetoelastic immunosensor177, mass spectrometry 178, magnetic 
labeled micro-beads coupled with fluidic force discrimination (FFD)179, and both 
displacement and sandwich enzyme-linked immunoassay (ELISA)16-18.  Each of these 
methods has been demonstrated in a food matrix. Some of them require sample 
preparation and all have a high limit of detection in the range of  ng/mL.  Both 
sensitivity and specificity are often compromised with a high degree of background 
noise180. While most of the reported techniques require several hours to obtain results, 
a few such as the fluorescent antibody array biosensors172 provide results in a food 
matrix in less than 30 minutes with a detection limit of ~ 1 ng/mL181.  Recent 
methods using liquid chromatograph coupled to mass spectroscopy are also limited to 
ppb level (ng/mL) in complex matrices178.  The current industry standard for toxin 
detection is ELISA which is limited to ~ pM (~ 10 pg/mL) detection limits.  It relies 
on fluorescent labeled reagents and requires sample preparation;  but, the method is 
extraordinarily general1.  Although current technology exists for detecting the 
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presence of toxins at toxic concentrations, the ability to measure trace and sub-toxic 
amounts at sub-picogram level has applications in forensics, diagnostics, and in a 
manufacturing setting.  Also when limit of detection is sub-picogram, false positives 
and false negatives are further minimized to essentially zero toxic concentration, a 
desirable feature of any critical measurement system.  
 
Bacterial toxins contribute to millions of food-related illness in the United States each 
year178, especially in  dairy and fruit-based products182.  Additionally, bacterial toxins 
can be produced in purified forms and used as deliberate food adulterants and 
biological weapons183, 184.  Staphylococcal toxins have accounted for ~185,000 food 
related illnesses annually185.  Ingestion of as small as 100 ng (0.5 ng/mL in 200 mL of 
milk – 100 parts per billion) by children and low-microgram quantities by adults can 
cause adverse effects178.  Staphylococcus aureus is a gram-positive bacteria that 
produce enteric toxins that are a leading cause of food-borne gastroenteritis (vomiting 
and diarrhea)161.  The Staphylococcal enterotoxins (SE) also function as 
superantigens that stimulate non-specific T-cell proliferation180.  To date, ten emetic 
SE’s have been identified: A, B, C1, C2, C3, D, E186, H187, I , G188, and J189.  Among 
these, SEA, B, C, and D are the most common food poisoning agents.  The SE’s are 
monomeric, heat-stable, potent gastrointestinal toxins ranging in size from 27 to 34 
kDa. Normal food preparation does not inactivate staphylococcal toxins.   
 
Piezoelectric-excited millimeter-sized cantilever (PEMC) sensors, comprising of a 
piezoelectric layer bonded to a non-piezoelectric layer (glass) and anchored at one 
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end, exhibit high-order mode resonance at ~ 900 kHz which show mass-change 
sensitivity in the range of 0.3 to 2 fg/Hz59, 108, 190.  The piezoelectric layer acts both as 
an actuating and a sensing element while the glass provides the surface for antibody 
immobilization.  PEMC sensors are used in resonance mode. Binding of the target 
antigen to the sensor surface cause change in mass that results in resonance frequency 
decreases44, 58, which can be measured using an impedance analyzer.   
 
The development of methods for the analysis of SEs is an important aim due to the 
potential health risks associated with food contamination.  Additionally, development 
of the SE detection method in food-matrices can be extended to other pyrogenic 
toxins in complex fluids.  In this report, we demonstrate detection of low 
concentrations of SEB at 10 – 100 femtogram levels in buffer, and in two common 
food matrices SEB is often found - apple juice and milk.  Apple juice is a relatively 
simple fluid that contains a wide molecular weight range of soluble saccharides 
(~10%), ranging from monosaccharides to polysaccharides  that exceed 100 kDa191.  
Milk is a far more complex fluid that contains many proteins (3%), fat (3%) and 
carbohydrates (5%).   
11.3 Materials and Methods 
11.3.1 Chemicals 
 Purified staphylococcal enterotoxin B was purchased from Toxin Technology, 
Inc. (Sarasota, FL), and rabbit polyclonal anti-SEB antibody (anti-SEB) and all other 
chemicals were purchased from Sigma-Aldrich (Allentown, PA), Pierce, or Fisher 
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Scientific.  Deionized water used was from a Milli-Q plus ultra-pure water system 
(18.2 MΩ-cm). 
11.3.2 Sample Preparation 
 Samples of SEB were prepared in PBS (10 mM, pH 7.4) by serial dilution to 
concentrations of 1 fg/mL to 10 μg/mL.  Apple juice (clear) and milk (1% low fat) 
bought locally were stored at 4°C and used within the stated expiry date.   
11.3.3 Experimental setup 
The experimental arrangement consisted of fluid reservoirs, peristaltic pumps, 
and a sensor flow cell (SFC) that permitted continuous flow of a running buffer or a 
sample of interest at 0.5 mL/min through SFC maintained at constant temperature (30 
0C).  Details of SFC construction and geometry, as well as, experimental arrangement 
were reported earlier108.   
11.3.4 Cantilever Fabrication, calibration and functionalization 
 Details of PEMC fabrication and its response characteristics were previously 
reported108. Briefly, the cantilever tip was fabricated with the PZT layer, 4 mm x 1 
mm (length x width) bonded to the glass layer, 2 mm x 1 mm (length x width), such 
that the 2 mm of glass is available for antibody immobilization.  The glass portion of 
the cantilever was first cleaned in piranha solution (70%:30% volume ratios of H2SO4 
and 30% H2O2, CAUTION!), followed by DI water rinse, and then dried in air.  The 
glass was coated with a thin layer of polyurethane and then sputtered with 100 nm 
gold (99.9%), using a Denton Desk IV Sputtering System (further details on sensor 
fabrication can be found in Supporting Information online).  Mass calibration of 
sensors was determined with known mass additions and then determining the 
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decrease in resonance frequency as reported in a previous publication59, 108.  The 
sensing surface was coated with 100 nm gold (99.9%) and anti-SEB was immobilized 
via Protein G as described previously described108. Several cantilevers were 
fabricated and used in the various experiments reported in this paper.  Since the 
cantilevers are made individually and manually, no two have exactly the same 
resonance characteristics.  Therefore, when quantitative comparisons are made, data 
from sensors that have similar mass-change sensitivity is used.  
11.3.5 Detection Experiments 
The detection experiments were carried at a flow rate of 0.5 mL/min.  
Phosphate buffered saline (PBS; 10 mM, pH 7.2) solution was re-circulated through 
the SFC to ensure the tubing and SFC were rinsed prior to a detection experiment. 
The resonance frequency of the cantilever sensor was allowed to reach a steady state 
prior to antibody immobilization.  After a constant resonance frequency baseline in 
PBS was obtained, the flow was switched to 1 mL of 10 μg/mL Protein G in PBS, 
and was recirculated for 75 minutes to allow binding to the sensor surface.  Protein G 
binds to Fc region of the antibody exposing the antigen-binding site away from sensor 
surface.  Once the Protein G attachment was complete, the lines were flushed with 
PBS, and one mL of 10 μg/mL anti-SEB was pumped into SFC in recirculation mode 
for 90 minutes for immobilization, and was followed by a PBS flush to clear the fluid 
lines and prepare for the detection experiments.  A one-mL sample of buffer, milk, or 
apple juice was then added to the sample reservoir and pumped into SFC at 0.5 
mL/min in recirculation mode until steady state was reached.  Steady state was 
assumed to have been reached if the sensor resonance frequency was within ± 30 Hz 
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over a 10 minute period.  Since the total hold-up volume in the flow circuit excluding 
sample reservoir is 3 mL, a ten minute time course would allow 3 to 4 fluid 
exchanges, which is sufficient to ensure the clearance of previous solution from the 
fluid circuit.  Apple juice is highly acidic with a pH of 3.5.  The pH of the diluted 
juice in PBS was typically pH = 5.  Detection was initiated by injecting a 100 μL 
sample of stock SEB solution into the sample reservoir. Hold up volume of sample 
reservoir is 1 mL. Circulation of the sample in recirculation mode was continued until 
steady state was reached.  After this, the flow circuit was rinsed with PBS followed 
by introducing a low pH release buffer (100 mM glycine solution w/1% v/v ethylene 
glycol, pH 2.4) that released the bound antigen.  Finally, a PBS flush was carried out 
until the resonance frequency reached a constant value.  This step ensured removal of 
weakly attached molecules and particles from the sensor and the flow circuit.  To 
confirm that the sensor response was due to SEB binding, both positive and negative 
control samples were measured at the same temperature and flow rate.  The positive 
control was the response of a clean PEMC sensor (no anti-SEB immobilized) and 
exposed to 10 μg/mL SEB.  Negative control was the response of anti-SEB-
immobilized PEMC sensor exposed to a one-mL sample of SEB-free apple juice or 
milk.    
 
11.3.6 SEB Calibration Experiments 
Calibration in the three fluids (PBS, apple juice and milk) were conducted to 
correlate sensor response with SEB concentration.  All calibration experiments were 
carried out at the same flow rate as the detection experiments (0.5 ml/min).  In all 
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three cases, the PEMC sensor was first stabilized in PBS, and was followed by 
introducing 1 mL of matrix of interest (apple juice or milk).  This blended with the 
running buffer resulting in a 25% matrix solution and 75% PBS. Once resonance 
frequency stabilized, the reservoir was spiked with 100 μL SEB standard prepared in 
PBS containing 100 fg SEB. The resonance frequency was monitored until a steady 
state was reached.  Subsequently, another 100 μL standard containing 1 pg SEB was 
injected and the sensor resonance frequency was monitored.  This process was 
repeated, incrementally, until the final injected sample was 100 μL containing 10 ng 
SEB. 
11.4 Results and Discussion 
11.4.1 Resonance characterization and mass calibration of PEMC sensors 
A total of 12 cantilever sensors were fabricated and used in the referenced 
detection experiments.  The resonance spectra of PEMC sensors in air and under 
liquid immersed conditions have been described previously58.  The resonance mode 
located at 936 kHz was used in all experiments.  The resonance frequency decreased 
from 936 to 876 kHz in PBS under 0.5 mL/min flow conditions and had a Q-value of 
35 and 28, respectively. Q is a measure of peak sharpness and is formally defined as 
resonance frequency divided by width at half peak height.  The sensors used in the 
experimental plan were chosen from the subset of 12 that exhibited similar mass 
sensitivity described below59. 
11.4.2  Sensor mass calibration 
Dilute paraffin in hexane at concentration of 1 fg/μL was prepared.  The 
sensor was mounted in a 28 0C dry incubator and its resonance frequency was 
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measured continuously.  Once the resonance frequency stabilized, one μL of paraffin 
solution was dispensed on glass portion of the sensor.  The resonance frequency 
immediately decreased because of the addition of ~0.8 μg of wax solution. Soon 
thereafter resonance frequency increased almost linearly as the hexane evaporated 
and finally reached steady state value leaving behind 1 fg of wax. Pure hexane was 
used as control to determine resonance frequency response to 1 fg mass addition.  
Further additions were made four times and the response plotted as a function of mass 
added that gave mass sensitivity value59.  The ~930 kHz peak exhibited sensitivity in 
the range of 0.3 to 2 fg/Hz in air59. 
11.4.3 Sensor response to Protein G and Antibody 
Typical frequency response of the PEMC sensor to Protein G and antibody 
immobilization was 1.82± 0.37 (n = 18) and 1.11 ± 0.31 (n = 15) kHz, respectively 
for the sensors used in this study.  For the specific sensor whose results are reported 
in this paper, the variance for Protein G and antibody immobilization was far less, 
typically 1.18 ± 0.09 and 0.87 ± 0.07 kHz, respectively108.  Since the antibody is 
approximately six times heavier than Protein G, the response suggests that less than 
11% of the immobilized Protein G bound anti-SEB via the Fc region. 
 
11.4.4 Sensor response to SEB-free apple juice and milk 
Sensor response to positive, negative, and buffer control fluids were first 
determined to establish baseline data.    As shown in Fig 11-1, the positive and 
negative control showed a sharp decrease immediately following sample introduction 
during the first 5 minutes due to density difference between apple juice or milk and 
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PBS. Density of PBS, apple juice, and milk were measured as 1.001, 1.024, and 1.034 
g/mL, respectively (27°C).   The response stabilized to a constant value as the juice or 
milk became blended with the running buffer, PBS.  In order to determine if any of 
the sample components adsorbed to the sensor surface, PBS was introduced to flush 
the system.  As seen in Fig 11-1, for both apple juice and milk, the resonance 
frequency recovered back to the original values.  Positive and negative controls 
yielded an essentially full recovery to -17 ± 10 and -9 ± 5 Hz, respectively in apple 
juice; and -11 ± 7 and -28 ± 11, respectively in milk.  The reference sample 
containing PBS yielded a near zero response (6 ± 18 Hz).  Similar results were 
obtained when the experiments given in Fig 11-1 were repeated (n=3), and we 
conclude that no significant response was observed from milk or apple juice on a bare 
or anti-SEB-immobilized sensor.  It is interesting to note in Fig 11-1 that the sample 
fluid gave a larger response initially with the anti-SEB immobilized sensor compared 
to the bare sensor.  Because the sensor responds to changes in density86, return of the 
fluid environment to the running buffer, PBS is necessary to interpret the true 
response due to the SEB binding, and was incorporated in all detection protocol.   
11.4.5 Response to SEB 
After a sensor was prepared with anti-SEB it was first stabilized in PBS, and 
then 1 mL of SEB-free apple juice (Fig 11-2) or milk (Fig 11-3) or buffer (graph not 
shown) was introduced into the flow loop and recirculated in a fashion similar to the 
case given in Fig 11-1.  The initial decrease seen in Fig 11-2 and 11-3 is due to 
density effects noted earlier, and finally the sensor stabilized at a new steady state 
frequency. Unlike the experiments shown in Fig 11-1, the sensor response is initially 
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cyclic due to poor mixing which takes almost 40 minutes to reach steady state.   Once 
steady state was achieved 100 fg SEB in 100 μL was added and the sensor resonance 
frequency showed a rapid decrease during the first 10 minutes followed by a slower 
change that reached a constant value within 40 minutes.  The sample was contacted 
with the sensor in a recirculation mode for the duration of the experiment. Upon 
flushing with PBS resonance frequency increased and ultimately gave a response of 
262 Hz for the injected 100 fg SEB. A similar experiment with milk sample and 1 pg 
SEB is shown in Fig 11-3. Again the cyclic response seen is due to density and 
mixing effects. Introduction of PBS at ~65 minutes puts the sensor back in PBS 
environment, and the yielding a total response of 255 Hz.   Further SEB spiked 
experiments (graphs not shown) were conducted starting with a fresh sensor, injecting 
100 fg, 1 pg, and 10 pg in buffer causing resonance frequency decreases of 185 ± 15, 
331 ± 21, and 703 ± 12 Hz, respectively, while in apple juice the same addition 
caused a decrease of 113 ± 18, 308 ± 24, and 521 ± 20 Hz, respectively.  Similarly in 
milk for the additions of 10 fg, 100 fg, 1 pg and 10 pg resulted in a decrease of 126 ± 
18, 143 ± 35, 310 ± 32, and 557 ± 25 Hz, respectively. The response was highest in 
buffer while in juice or milk, the responses were about 20 to 26 % lower, 
respectively.  Since material present in the juice or milk did not cause permanent 
resonance frequency decrease (Fig 11-1), we believe that a fraction of SEB binds to 
some extent with content of juice and milk, thereby rendering it unavailable for 
binding with the antibody on sensor surface.  The protein content of milk is far higher 
than apple juice, yet the sensor response was slightly higher in milk than in apple 
juice.  Further work is needed to understand this difference and will be pursued in a 
  
193 
 
later study.  Since the hold up volume was 4 mL, the effective concentration that was 
detection in buffer and apple juice was 25 fg/mL and 2.5 fg/mL in milk.  Lower 
concentrations may be detectable if noise level in the measurement can be reduced.  
At the limits of 25 fg/mL and 2.5 fg/mL, shown in Fig 11-2 and 11-3, signal to noise 
ratio was in the order of 10 and 5, respectively.    In all three liquid media the 10 pg 
SEB addition resulted in a more rapid decrease in resonance frequency than when 10 
fg SEB was added. This is consistent with previous reports that kinetics of binding is 
proportional to antigen concentration59, 104, 190. 
One notes that a time period of ~20  minutes is required to mix the target 
solution (apple juice or milk) with the running buffer.  An additional, ~ 15 minutes is 
required for the PBS flush post-detection to determine the exact frequency shift due 
to toxin attachment.  If both of these steps are included in the assay process time the 
time to results is ~ 60 minutes.  However, both steps could be eliminated through the 
use of a reference sensor concurrently exposed to the same experimental conditions.  
With this modification, the total assay time could potentially be reduced to a much 
shorter time. 
 
11.4.6  Confirmation of SEB on sensor surface 
One way to confirm that the observed resonance frequency decrease is indeed 
due to SEB attachment is to determine if the same polyclonal antibody will attach to 
the already bound SEB on the sensor surface.  Since the antibody used in this 
investigation is a polyclonal, our expectation is that some antibody binding sites on 
the bound SEB will be exposed.  In the experiment given in Figure 11-2 for apple 
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juice, after detection and PBS flush, one mL of 10 μg/mL of polyclonal anti-SEB was 
pumped into the flow cell in a recirculation mode for 40 minutes.  The 100 fg SEB 
resulted in a frequency decrease of 262 ± 8 Hz (Fig. 11-4A), and the second antibody 
flow caused a further decrease of 202 ± 10 Hz.. The decrease due to binding of 
antibody to the sensor-bound SEB confirms that the frequency decrease observed 
during detection was due to SEB binding to the sensor.  If every toxin molecule had 
an exposed antigenic surface, the expected response would be approximately five 
times SEB response since mass ratio of antibody to SEB is ~5.  For the case in Fig 
11-4, the response was comparable and such a response suggests that only ~20% of 
SEB on the surface had an recognizable exposed antigenic site. Since the second 
antibody attachment was done in buffer, and the mass of antibody to completely 
cover the sensor surface is ~1 ng, we believe that the availability of limited antigenic 
sites of SEB is a reasonable explanation.  
 
A similar confirmation experiment was conducted in milk.  After a detection 
experiment with 10 fg/mL SEB, the flow cell was rinsed with PBS, followed by the 
introduction of one mL of 10 μg/mL of anti-SEB in recirculation mode for 40 
minutes.  The attachment of SEB in milk resulted in a frequency decrease of 121 ± 4 
Hz (Fig. 11-4B), and the second antibody run caused a further decrease of 271 ± 5 
Hz.  Here, the secondary antibody resulted in a two-fold decrease as with SEB 
attachment.  Since these experiments are repeatable well within ± 50 Hz, the 
difference is well beyond experimental error, and one concludes that milk offers a 
more favorable secondary binding environment compared to apple juice.  
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11.4.7 Response to sequential addition of SEB 
Sensor response to sequential addition of SEB in apple juice and milk were 
obtained.  A one mL sample of apple juice was first introduced into the flow system, 
and then a 100 μL of 1 pg/mL SEB (100 fg) was injected into the apple juice-PBS 
circulating in the flow circuit.  The resonance frequency change was monitored until a 
new steady state was reached.  Next, a  100- fold larger amount of SEB (100 μL of a 
100 pg/mL SEB (10 pg) ) was injected into the apple juice followed by 100 μL of a 
10 pg/mL SEB (1 pg) solution.  The responses given in Figure 11-5 show sensor 
response of 98 ± 7, 566 ± 8, and 195 ± 9 Hz, respectively for the three additions.  
Following the sample, PBS flush resulted in a frequency increase of 235 Hz, 
corresponding to the original resonance frequency decrease of 275 Hz observed when 
apple juice was first introduced in the flow circuit.  This change confirms that the 
original frequency change was due to the density difference. 
 
A similar sequential addition experiment was conducted in milk by serially 
introducing 1 pg, 100 fg and 10 pg SEB and is shown in Figure 11-6.  The frequency 
responses resulting from the three sequential additions were 337 ± 11, 174 ± 9, and 
326 ± 8 Hz, respectively for a total frequency change of 837 Hz.  Following SEB 
attachment, PBS flush resulted in a 550 Hz increase, which was within 8 % of the 
frequency change due to initial milk introduction. Based on the results in Fig 11-5 
and 11-6, we conclude that sensor response is proportional in a nonlinear fashion to 
the amount of SEB in the introduced sample. Second, non-specific adsorption, if any 
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was small and was less than 40 Hz.  Thus any response larger than 100 Hz can 
certainly be attributed to SEB.  
 
11.4.8 Release of bound SEB 
Another method to confirm that sensor response is due to SEB binding, is to 
release the bound toxin and compare the resulting sensor response.  The expectation 
is that the response will be of same magnitude, but opposite in direction. At the 
conclusion of a 1 pg SEB detection experiment, release buffer (pH 2.4) was 
introduced in a once through flow mode, followed by a PBS flush.  The resulting 
increase in frequency of 345 Hz was within 3 % of the frequency change due to 
sample exposure, and is shown in Figure 11-7A.  A second example of the typical 
release response is illustrated in Figure 11-7B.  Here, attachment of 1 pg SEB in milk 
was followed by a PBS flush, a release, and a second PBS flush.  The resultant 
resonance frequency shift of 255 Hz is within 6 % of the resonance frequency change 
due to SEB attachment.  It is important to note that both the sample flow cell and feed 
lines were flushed with PBS before and after the SEB detection and that the release 
solution was prepared using PBS.  This ensures that the density and viscosity of the 
fluid surrounding the sensor after detection and prior to release is nearly the same, so 
that differences in resonance frequency can be quantitatively related to the bound 
SEB.  Additionally, we have previously shown that release of bound antigens using a 
buffer with pH=2.2-2.4 does not release the bound antibody or Protein G108. 
Therefore, the results in Fig. 7 show that the change in frequency is indeed due to the 
release of bound SEB. 
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11.4.9 SEB Calibration 
The above experiments establish that the PEMC sensor response in apple juice 
and milk is due to SEB binding to sensor surface.  It is useful to obtain a quantitative 
relationship between the sensor response and SEB concentration in both simple and 
complex fluids.  Thus, response to known concentration of SEB in PBS, and SEB-
free apple juice and milk was determined.  The anti-SEB-immobilized sensor was 
exposed to SEB standards of 100 fg/mL to 100 ng/mL in each of the three fluids, 
separately.  Figure 8 shows the sensor response to sequential addition of known 
amounts of SEB.  One notes that the rate of SEB attachment to the sensor’s surface 
decreased slightly across each addition. All injections caused a decrease in resonance 
frequency and resulted in a new steady state within 40 minutes.  The density effect is 
notably absent in Fig 11-8A for buffer while it is present for apple juice and milk in 
Fig 11-8B and 11-8C. The density induced response in apple juice and milk was 109 
and 116 Hz, respectively and was observed initially.  PBS flush at the end of the 
sequence resulted in a recovery of 94 and 104 Hz, for the two cases indicating that 
non-specific binding of components from the two fluids was less than 10 Hz.  Given 
that mass sensitivity value of the sensors is ~ 1 fg/Hz, this corresponds to ~ 10 fg.  A 
one mL of apple juice or milk contains approximately ~10% by weight non-aqueous 
component, or ~ 100 mg.  Thus less than 10 ppt of the solids are estimated to have 
adsorbed on sensor surface.  Such low non-specific adsorption is attributed to the 
combination of flow and vibration of the sensor surface.  
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In Fig 11-8, one notes that the total cumulative frequency decrease resulting 
from the sequential SEB additions in buffer, apple juice and milk was 1,870, 1570 
and 1713  Hz, respectively.  The total volume in the flow circuit at the start of the 
calibration experiment was 4 mL (3 mL PBS + 1 mL apple juice or milk).  Each 
sequential addition of SEB solution caused a 0.1 mL increase in total volume 
resulting in a net change of 15% after the final addition.  Further, the mass of the 
sequential additions were additive, so that the final mass of SEB in solution for the 
two calibrations was 11 ng. With the final addition of 10 ng, there was a decrease of 
resonance frequency of 175 and 110 Hz in apple juice and milk, which was lower 
than response to significantly lower amount of SEB addition, and indicates that the 
sensor surface was reaching near saturation.  It is particularly visible in the case of 
milk (Fig 11-8C) where not only the magnitude of change is smaller, but also the 
kinetics is slower. Higher amount of SEB addition was not pursued.  
   
Sensor response to SEB standards in the three media (PBS, apple juice, and milk) 
correlates well with the log of concentration and is illustrated in Figure 11-9, where 
we present a compilation of experiments done with the same sensor. The data are 
from repeat experiments carried out in a similar fashion to the ones in Fig 11-8, as 
well as single concentration experiments as in Fig 11-2 and 11-3. A total of 33 
detection experiments with two different sensors were conducted, and the data in Fig 
11-9 was from one of them so that quantitative comparisons can be made.  The results 
are repeatable to within ~10% with the same sensor.  Each data point in Fig 11-9 is an 
average of a minimum of two experiments and in some cases it is an average from 
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four experiments.  The error bars in Fig 11-9 are barely larger than the data points.  
The variance in sensor response was typically ± 15 to ± 30 Hz in milk and apple 
juice; but was smaller with PBS samples (± 15 Hz).   
 
The logarithmic sensor response to SEB concentration (Fig 11-9) is similar to our 
earlier report on sensor response to B. anthracis spores57 measured with a low-order 
resonance mode (~60 kHz).  More recently, gold coated PEMC sensor responded to 
self assembly of alkanethiols in a similar logarithmic fashion57.  A reasonable 
approach therefore, is to examine if the same mathematical relationship (Equation 11-
1) holds true for the toxin, SEB.  That is, the sensor response is correlated as:  
BCAf B +=Δ− )log()( 0      (11-1) 
where the parameter A is the slope and B is the y-intercept of the resulting line in Fig. 
11-9.  The term )( fΔ−  is the steady state resonance frequency response and Cb0 is the 
concentration of SEB that is in contact with the sensor.  In the current study, since we 
do not know the amount of SEB that is actually bound to the sensor, in the above 
relationship we will more broadly define it as the starting or sample concentration.  A 
more rigorous approach would be to use large volume sample containing fixed 
concentration of SEB that is contacted with the sensor in a once through mode.  The 
parameters A and B depend on cantilever dimensions, antibody-SEB binding 
constant, and antibody surface concentration.  Fitting of the data to the model gave 
excellent correlations (R2 = 0.99, A = 275.2, B = 3963.5; R2 = 0.99, A =261.3, B = 
3881.5; R2 =  0.99, A = 318.1, B = 4645.5) for apple juice, milk and buffer 
respectively.  Note that the parameters A and B are ~ 15 – 19% lower in the two 
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complex fluids compared to PBS.  The decrease in the constants A and B correlated 
to a total decrease in maximum resonance frequency decrease (1,871 Hz vs. 1,548 Hz 
or 1,713 Hz) at maximum mass SEB added (10 ng), for buffer, milk, and apple juice, 
respectively.  We conclude that the sensor is ~17 % less sensitive in real fluids than in 
buffer for the same SEB concentration.  This behavior would suggest that an optimum 
sensor response may be achieved by adjusting the buffer medium for detection. 
 
11.4.10 Impact of Medium on Kinetics  
The binding rate constant of an antigen on antibody-immobilized PEMC 
sensor surface was shown to follow first order Langmuir kinetics for two cases of 
Bacillus anthracis 57 and bovine serum albumin73.  Since attachment of SEB to the 
antibody on the sensor exhibits similar exponential behavior, it is reasonable to 
suggest that similar kinetic behavior is expected with SEB.  Although we have 
conducted a number of sequential addition experiments, all kinetic analysis was 
conducted with the first addition of SEB on a clean sensor surface. The effect of the 
liquid medium on the kinetics of binding can be quantitatively determined using 
Langmuir kinetics, and the method was reported previously44, 56.    Since the bulk 
concentration of SEB (Cb0) is known at time= 0, limiting the rate analysis to the 
initial time period was shown to be an useful approach74.  The overall first order rate 
constant kobs, can be determined by analyzing the experimental data  using the 
relationship74: 
obs
( f ) ( f )ln k
( f )
∞
∞
⎛ ⎞−Δ − −Δ = − τ⎜ ⎟−Δ⎝ ⎠
     (11-2) 
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where ( f )−Δ and ( f )∞−Δ  are frequency changes at time τ and at steady state. Fitting 
the initial ~ 5 minutes sensor response yielded correlation coefficients that ranged 
from 0.90 to 0.97.  The kinetic parameter values ( kobs ) for 100 fg and 1 pg SEB 
additions.  They were, respectively 0.22 and 0.33 min-1 in buffer, 0.26 and 0.30 min-1 
in apple juice and 0.17 and 0.24 min-1 in milk.   The higher concentration 250 fg/mL 
(corresponding to 1 pg addition) gave a slightly higher rate constant in all three cases.  
Interestingly, the binding rate constant obtained is comparable in the two complex 
fluids. They were both similar in value in comparison to the clean buffer.  As was 
noted earlier, the overall change for a given amount of SEB addition was lower in the 
two complex medium.  
11.5 Conclusions 
First, we conclude that antibody-based PEMC sensors can be used to detect 
and confirm staphylococcal enterotoxin B in complex fluids such as apple juice and 
milk, respectively at concentrations of 2.5 to 25 fg/mL. Presence of large number of 
extraneous components that include lipids, protein and high molecular weight 
polysaccharides reduced the sensitivity by about 20-25% in terms of sensor response.  
This suggests that further work is needed to optimize the mass sensitivity in real 
systems so that it more closely represents sensor behavior in buffer. Second, a 
quantitative calibration method for determining the sensor response to added mass of 
toxin was established.  The sensor response was found to be proportional to log of 
toxin concentration in the three fluids examined over the concentration range of 2.5 
fg/mL to 2.5 ng/mL, and with correlation coefficient of 0.97 to 0.99, in the three 
fluids examined.    Lastly, an antibody sandwich based confirmation technique was 
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shown to be useful for low concentration SEB samples.  By conducting a second 
antibody detection step, the SEB on the surface was confirmed by obtaining further 
decrease in resonance frequency. The second antibody method has the potential of 
decreasing further limit of detection to values lower than 2.5 fg/mL. 
Overall binding rate constants in the two fluids varied in the range of  0.26 to 
0.17 min-1, suggesting that significant sensor response (>63%) is achieved in about 5 
minutes. Thus improvements with pre-prepared antibody-immobilized sensors and 
the use of a second reference sensor for simultaneous tracking of density of sample 
fluid could potentially reduce the time to results to 5 to 10 minutes. Achievement of 
such a performance will require refinement and development of the method shown in 
this paper 
 The ability of the PEMC sensor to detect toxins at sub-toxic concentrations 
allows the sensor technology to be explored for applications such as in forensics and 
contamination recovery studies.  In these applications it is extremely valuable to be 
able to measure very small concentrations of residual toxin.  The demonstration of the 
PEMC sensor’s selectivity and sensitivity in a complex fluid allows for the extension 
of the method to other similar environments that require the identification of 
biomolecules in the presence of a large number of contaminants, such as in 
biomarkers in sera. 
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Figure 11-1. Panel A. Resonance frequency shift for the three controls.  The positive control was 
response of PEMC sensor that was not prepared with the antibody to SEB and exposed to apple 
juice followed by a PBS rinse.  Negative control was the response of an anti-SEB immobilized 
PEMC sensor to a one-mL apple juice followed by a PBS flush. The PBS buffer control was an 
anti-SEB immobilized cantilever in PBS (pH 7.4) All experiments were done at 0.5 mL/min.  
Panel B. Resonance frequency shift for the same three controls in milk.   
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Figure 11-2 
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Figure 11-2. First the sensor was stabilized in PBS, and then 1 mL of apple juice was introduced. 
Cyclic response is due to density difference and poor mixing of the two fluids.  100 fg of SEB was 
injected in, and resonance frequency decreased upon binding to the anti-SEB immobilized 
sensor.  PBS is re-introduced to rinse the flow circuit, and the sensor stabilizes with a resonance 
frequency shift of 262 Hz. The flow circuit including sample chamber is 4 mL. The effective SEB 
concentration is therefore 25 fg/mL    
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Figure 11-3 
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Figure 11-3. First the sensor was stabilized in PBS, and then 1 mL of milk was introduced. Cyclic 
response is due to density difference and poor mixing of the two fluids.  1 pg of SEB was injected 
in, and resonance frequency decreased upon binding to the anti-SEB immobilized sensor.  PBS is 
re-introduced to rinse the flow circuit, and the sensor stabilizes with a resonance frequency shift 
of 255 Hz. The flow circuit including sample chamber is 4 mL. The effective SEB concentration 
is therefore 250 fg/mL   
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Figure 11-4 
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Figure 11-4. “Sandwich” Response.  Panel A.  Apple Juice.  First the PEMC sensor was exposed 
to 100 fg SEB for 40 minutes, followed by PBS rinse (20 min) and then 1 mL rabbit polyclonal 
anti-SEB(10 l mg/mL) to SEB was injected in, which induced a further binding response  The 
initial SEB binding caused decrease of 262 ± 8 Hz, and the second anti-SEB caused a further and 
comparable decrease of 202 ± 10 Hz. Panel B. Milk. First the PEMC sensor was exposed to 10 fg 
SEB for 38 minutes, followed by PBS (20 min) and then 1 mL rabbit polyclonal anti=SEB (10 
mg/mL) to SEB.  The initial attachment caused a decrease of 121 ± 4 Hz, and the second 
antibody flow caused a further decrease of 271 ± 5 Hz. Effective concentration of SEB detected is 
2.5 fg/mL. 
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Figure 11-5 
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Figure 11-5. Sequential exposure to 100 fg, 10 pg, and 1 pg SEB in apple juice.  The sensor 
responses to 100 fg, 10 pg, and 1 pg SEB were 98 ± 7, 566 ± 8, and 195 ± 9 Hz, respectively.  For 
comparison, the PBS control (6 ± 12 Hz) is included. Overall response to 11.1 pg SEB is 859 Hz.   
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Figure 11-6 
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Figure 11-6. Sequential exposure of 1 pg, 100 fg, and 10 pg SEB in milk.  The sensor responses to 
1 pg, 100 fg, and 10 pg are 337 ± 11, 174 ± 9, and 326 ± 8 Hz, respectively. Overall response to 
11.1 pg is 837 Hz.  
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Figure 11-7 
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Figure 11-7. PEMC sensor response to attachment and release of SEB.  Panel A.  The attachment 
and release from addition of 1 pg SEB in an apple juice.  The total frequency change due to the 
binding and release were 353 Hz and 345 Hz, respectively.  Panel B. The attachment and release 
from the addition of 1 pg SEB in milk.  The total frequency change due to the detection and 
release were 270 Hz and 255 Hz, respectively.  Negative control response was -17 ± 8 Hz and is 
not shown for clarity. 
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Figure 11-8 
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Figure 11-8 (continued) 
Figure 11-82. SEB calibration.  Panel A, Buffer. Frequency response of PEMC sensor with 
sequential addition of SEB in PBS.  After stabilizing the sensor in PBS, a one-mL sample of 
filtered PBS containing a total of 100 fg SEB was added to the flow circuit containing 3 mL of 
buffer, diluting the sample to 25 fg/mL.  This step-wise addition of increasing mass of SEB was 
continued and the total cumulative frequency decrease resulting from the additions was 1,871 
Hz.  Panel B.  Apple Juice.  Frequency response of PEMC sensor with sequential additions of 
SEB in apple juice. Incremental additions of SEB of  100 fg, 1 pg, 10 pg, 100 pg, 1 ng and 10 ng 
SEB resulted in shifts of -282 ± 7, -137 ± 7, -419 ± 14, -228 ± 20, -333 ± 8 and -175 ± 5 Hz, 
respectively.  The total volume in the flow circuit was 4 mL, so each sample was diluted by a 
factor of 4.  Panel C.  Milk.  Same experiment as in Panel B with milk and resulted in resonance 
frequency shifts of -322 ± 3, -445 ± 5, -252 ± 4, -309 ± 5, -278 ± 9 and -95 ± 2 Hz, respectively.  
The total volume in the flow circuit was 4 mL, so each sample was diluted by a factor of 4 in the 
flow circuit. 
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Figure 11-9 
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Figure 11-9. Resonance frequency change is plotted as a function of log of SEB concentration in 
PBS, apple juice, and milk.  Data is from Figure 11-6.  All three experiments were done with the 
same sensor.  
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Chapter 12: A Method for Rapid Quantification of a Prostate Cancer Biomarker 
in Urine Without Sample Preparation 
 
12.1 Abstract 
 
We describe a macrocantilever-based method for detecting a prostate cancer 
biomarker (α-methylacyl-CoA racemase; AMACR) directly in patient urine without a 
sample preparation step and without the use of labeled reagents.  Clean catch voided 
urine specimens were prospectively collected from five confirmed prostate cancer 
patients 3 weeks post biopsy.  The presence of AMACR was measured in a blinded 
manner by exposing 3-mL of urine to the anti-AMACR immobilized piezoelectric-
excited millimeter-sized (PEMC) sensor.  The resonance frequency of PEMC 
decreases as AMACR from sample binds to the antibody on the sensor.  The 
resonance frequency changes for the five patients tested were 4,314 ± 35 (n=2), 269 ± 
17 (n=2), 977 ± 64 (n=3), 600 ± 31 (n=2), and 801 ± 81 (n=2) Hz, respectively.  
Positive detection was observed within ~ 15 minutes.  The responses to positive, 
negative, and buffer controls were -9 ± 13, -34 ± 18 Hz and -6 ± 18 Hz, respectively.  
Positive verification of AMACR attachment was confirmed by low-pH buffer release.  
The sensor response was quantitatively related to AMACR concentration in control 
urine, and the relationship was used in developing an in situ calibration method for 
quantifying AMACR in patient urine.  Estimated concentrations of 42, 2, and 3 fg/mL 
AMACR were calculated for the three patient urine, while absence of AMACR was 
confirmed in control urine (n=13).  Because of simplicity of measurement combined 
with high sensitivity and specificity, the method may be a useful adjunct in a point-
of-care setting to identify men at increased risk for prostate cancer. 
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12.2 Introduction 
The areas of food and water safety, personalized medicine, and detection of 
biothreat agents will be driven by biosensors that are versatile, highly sensitive, 
selective, reliable and easy to use.  In the context of medical diagnostics, detection of 
biomarkers directly and rapidly in body fluids can significantly decrease health care 
cost, and possibly improve health care delivery.  Current methods have high detection 
limits that biomarkers are measurable only in advanced stage of a disease1. An easy to 
use, yet sensitive and selective method that can detect disease biomarkers directly in 
body fluids without much sample preparation could potentially improve timely 
diagnostic capability, and allow for earlier identification and treatment of diseases 
using newly identified biomarkers192-196. 
 Over the past decade, the field of diagnostic proteomics has evolved into a 
powerful method for detecting diseases2, and has given rise to intense research on 
methods, devices and sensors that are highly sensitive and selective.  The current 
industry standard in protein diagnostics is enzyme-linked immunosorption assay 
(ELISA) which has ~pM detection limit and relies on fluorescent labeling1.  
Application of ELISA is limited in a point-of-care setting due to sample preparation 
and the reliance on maintenance-intensive equipment and skilled personnel.  
Emerging and promising approaches include immuno-PCR1, immunoassay in 
conjunction with multi-photon detection method (IA-MPD)22, and super-ELISA1 
which have shown sensitivity at attomolar to femtomolar concentration range for 
protein biomarkers.  While such techniques are exquisitely sensitive, they require 
sample preparation step(s), labeled reagents and are multi-step laboratory procedures 
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which require skilled laboratory personnel. In this paper, we describe a 
macrocantilever-based method that does not require labeled reagents, and one that 
does not require a sample preparation step for protein biomarkers, and illustrate its 
sensitivity and selectivity for a prostate cancer biomarker in human urine.   The 
sensor shows comparable sensitivity to methods such as immuno-PCR and IA/MPD.  
In the current method, two advantageous features reduce non-specific binding.  
Measurement under sample flow conditions (~ 0.1 cm/s) combined with active 
vibration of sensing surface gives unparalleled selectivity in complex fluid 
environment.  Previous work showed selective detection of Bacillus anthracis at 330 
spores/mL in the presence of two Bacillus species at 330,000 spores/mL59 and the 
detection of Escherichia coli O157:H7 in ground beef samples at 10 cells/mL164.  The 
high degree of specificity in complex fluids potentially can lead to point-of-care 
applications for biomarker measurement in body fluids.     
Prostate cancer is one of the most common forms of cancer among men in the 
United States and the second leading cause of death.  Out of the hundreds of 
thousands of biopsies performed annually, over 25% of them are benign197, 198.  
Currently, prostate cancer is screened using annual serum PSA value and digital 
rectal exam (DRE)199-201.  PSA is not a cancer-specific marker and has a low 
sensitivity and specificity which limit the accurate detection of prostatic 
adenocarcinoma202, 203.  The identification of a specific and selective biomarker for 
prostate cancer has been the subject of intense research over the past 5 years204-206.  
One biomarker for prostatic carcinoma that has been identified is α-Methylacyl-CoA 
racemase (AMACR), also known as P504S 200, 202, 207-210, and was recently reported to 
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be one of the very few biomarkers that has both high sensitivity and high specificity 
202, 211, 212.  The AMACR gene on chromosome 5 is consistently up-regulated in 
prostate cancer at the mRNA and protein levels 207, 209, 210, 213.  Rogers  et al.205 
showed AMACR protein is present in voided urine samples of prostate cancer 
patients and that overall AMACR detection in voided urine was associated with 
cancer status by prostate biopsy in 86% of patients.  AMACR has been shown to be 
nearly absent in urine of patients without prostate cancer205; thus making it a valuable 
biomarker for this disease.  Because AMACR is present in voided urine of prostate 
cancer patients, a non-invasive molecular approach has the potential to augment the 
current screening methods.   
A Piezoelectric-excited millimeter-sized cantilever (PEMC) is a macro-
cantilever that is comprised of a PZT (lead zirconate titanate) layer bonded to a non-
piezoelectric layer of a few millimeters in length and 1 mm in width.  The PZT layer 
serves both as an actuating and as a sensing element.  When an electric field is 
applied across the thickness of PZT, it deforms primarily along its length causing the 
base non-piezoelectric layer to flex56.  If the field alternates, the sensor experiences 
flexural oscillations.  The sensor resonates when the excitation frequency coincides 
with the natural mechanical frequency.  At resonance, the cantilever undergoes higher 
than normal bending stress and the PZT being electro-mechanically active exhibits a 
sharp change in electrical impedance.  In other words, the phase angle between the 
excitation voltage and the resulting current changes significantly, and is conveniently 
measured using an impedance analyzer. The piezoelectric layer acts as an actuating 
and a sensing element, while the glass provides a surface for antibody 
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immobilization. The sensing response is recorded by measuring changes in resonance 
frequency of the vibrating sensor56. Recent innovations in the design of PEMC 
sensors have lead to the discovery of a high-order resonance mode near ~ 900 kHz 
that exhibits mass-change sensitivity in the range of 0.3 to 2 fg/Hz59, 108.  The 
implication of such a high sensitivity is that detection of a million AMACR 
molecules becomes feasible as binding of them to the sensor  will give rise to a 
frequency response of ~80 Hz (each weighs 0.08 attograms) which is two to three 
times the noise level in measurement. 
12.3 Materials and Methods 
12.3.1 Subjects and Samples 
This study received Institutional Review Board approval (Project 71489, 
Protocol: 16754).  Clean catch voided urine specimens were prospectively collected 
from five confirmed prostate cancer patients, three weeks post prostate biopsy. To the 
collected samples 0.1% sodium azide and 1 % EDTA were added, and subsequently 
frozen (-22°C) until analysis. The elapsed time from collection to storage averaged 3 
hours (range 2 to 16 hours).   
 
12.3.2 Chemicals 
Rabbit monoclonal antibody to AMACR (anti-AMACR) was purchased from 
Zeta Corporation, and AMACR standard was from Assay Designs, Inc. (Ann Arbor, 
Michigan) at a concentration of 10 μg/mL.  All other reagents were from Sigma-
Aldrich (Allentown, PA) or Fisher Scientific.  Deionized water used was from a 
Milli-Q plus (18.2 MΩ-cm). 
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12.3.3 Sample Preparation 
AMACR standards were prepared in 10 mM PBS from a stock of 10 μg/mL 
by serial dilution.  Patient urine samples were thawed and subdivided into 3 mL 
samples and refrozen.  One vial of 3 mL was then injected into the flow circuit for 
analysis.  Control urine was collected from a young, male adult (29 years old).   
 
12.3.4 Experimental Apparatus 
A schematic of the experimental setup  and details of flow arrangement were 
reported previously previously58. It consisted of four fluid reservoirs, two peristaltic 
pumps, a sensor flow cell (SFC), and a PC-interfaced impedance analyzer.  The 
sensor flow cell (SFC) has a hold-up volume of 120 μL after sensor was inserted. The 
fluid reservoirs contained PBS, bovine serum albumin as a blocking agent, urine 
sample, and release solution (100 mM glycine.HCl with 1% (v/v) ethylene glycol; pH 
2.4). The liquid reservoirs were connected to SFC via a four-entrance port manifold. 
The outlet of the flow cell was connected to a peristaltic pump, which controlled the 
flow of the desired fluid into and out of the SFC.  The experimental apparatus can be 
operated in either a single pass mode where the fluid from the reservoir is only 
contacted with the sensor once or in a recirculation mode where a flow loop is 
established from a reservoir, through the flow cell, and back into the reservoir.     
 
 The cantilever electrodes were connected to an impedance analyzer (Agilent, 
HP 4192A or HP 4294A) interfaced to a PC with LabVIEW® application for 
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recording impedance and phase angle measurements.  The SFC was maintained at 30 
± 0.1 °C by circulating constant temperature (38 ± 0.1 °C) water through a jacket 
surrounding the SFC.   
 
12.3.5 Cantilever Fabrication 
Details of PEMC fabrication and its response characteristics were previously 
described108 The cantilever tip was fabricated with the PZT layer, 4 mm x 1 mm 
(length x width) bonded to the glass layer, 2 mm x 1 mm (length x width), such that 
the 2 mm of glass is available for antibody immobilization.  The glass portion of the 
cantilever was first cleaned in piranha solution (70%:30% volume ratios of H2SO4 
and 30% H2O2, CAUTION!), followed by DI water rinse, and then dried in air.  The 
glass was coated with a thin layer of polyurethane and then sputtered with 100 nm 
gold (99.9%), using a Denton Desk IV Sputtering System.   
 
Several cantilevers were fabricated and used in the various experiments reported 
in this paper.  Since the cantilevers are made individually and manually, no two have 
exactly the same resonance characteristics.  Therefore, we used the same sensor 
(labeled PEMCa)in all experiments with patient urine so that quantitative comparisons 
could be made.  In the quantification and calibration urine experiments, a second 
sensor (labeled PEMCb) with resonance characteristic similar to the first one was 
used. 
 
12.3.6 Sensor mass calibration 
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Paraffin wax in hexane at concentration of 1 fg/μL was prepared.  The sensor 
was mounted in a 28 0C dry incubator and its resonance frequency was measured 
continuously.  One μL of paraffin solution was dispensed on the sensor.  The 
resonance frequency immediately decreased and soon after increased almost linearly 
as the hexane evaporated and finally reached a constant value leaving behind 1 fg of 
wax. Pure hexane was used as control.  Several additions were made and the response 
plotted against added mass gave mass sensitivity value59. The ~930 kHz peak 
exhibited sensitivity in the range of 0.3±0.1 to 1.4±0.3 fg/Hz in air59. 
 
12.3.7 Cantilever Functionalization 
The gold-coated sensor was first submerged in 10 μg/mL Protein G for one 
hour at room temperature, followed by immersion in 10 μg/mL anti-AMACR for 90 
minutes.  The sensor was then installed in the sample flow cell and stabilized in 10 
mM PBS for 10 minutes.  In the initial experiments, the Au-coated sensor was 
exposed to 1 μg/mL bovine serum albumin for 30 minutes in recirculation mode to 
block unoccupied sites on the sensor.  The blocking step did not result in any 
significant frequency change (< ±20 Hz) and was discontinued in later experiments.  
 
12.3.8 Detection Experiments 
First, PBS was re-circulated at 0.5 mL/min to ensure the flow circuit was 
flushed clean. A three-mL patient urine sample was added to the sample reservoir, 
and was immediately pumped into the flow circuit in recirculation mode until steady 
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state was reached.  Since the flow circuit contained 3 mL of PBS, the urine sample 
was diluted by 50 % v/v.  Steady state was assumed to have been reached if the 
sensor resonance frequency was within ± 30 Hz over a 15 minute period.    The flow 
circuit was then rinsed with PBS, followed by the introduction of release buffer.  
After the sensor resonance frequency reached a steady state value, a PBS flush was 
carried out.   
 
To confirm that the sensor response was due to antigen binding, both positive 
and negative control samples were carried out at the same temperature and flow rate.  
The positive control was response of PEMC sensor that was not prepared with the 
antibody and exposed to patient urine followed by a PBS flush.  Negative control was 
the response of antibody-immobilized PEMC sensor to a one-mL sample of control 
young-male adult urine (AMACR-free) at 0.5 mL/min followed by a PBS flush. 
 
12.3.9 AMACR Calibration in Urine 
Two AMACR-calibrations, one in PBS and the second in AMACR-free urine, 
were carried out at 0.5 mL/min.  The antibody-immobilized sensor was installed and 
PBS solution was re-circulated until the resonance frequency stabilized.  Three-mL 
samples containing 30 fg to 300 ng AMACR in PBS, was sequentially introduced in 
concentration steps of 10x, allowing steady state to be reached between changes. The 
steady state resonance frequencies are correlated to AMACR concentration using the 
equation Eq.(11-1) developed in the results section below. 
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Calibration in urine was devised to eliminate the density effect. This was 
accomplished using control urine as the running buffer.  First, three mL of control 
urine was introduced into the flow circuit in a recirculation mode, and the sensor was 
allowed to reach steady state resonance frequency. Then, a 100 μL standard of 100 
fg/mL AMACR (10 fg) was introduced and the resulting sensor response was 
recorded. Subsequently, additional 100 μL standard of increasing concentration in 
10x steps were added until the last addition of 100 ng/mL was done.  The measured 
steady state resonance frequencies were then correlated to AMACR concentration 
using Eq (12-1).  
 
12.3.10 AMACR Quantification in Urine 
Since urine is of highly variable composition, the following scheme was used 
for quantifying AMACR.  An anti-AMACR immobilized sensor was inserted into the 
SFC and stabilized in PBS.  A 3-mL patient urine was introduced into the flow circuit 
in recirculation mode until steady state sensor response was reached.  Since flow cell 
is 3 mL, the 3 mL urine effectively diluted the AMACR concentration by two, to a 
concentration 50% lower than the original value.  Once stabilized 100 μL of two 
known concentration of AMACR standards were added sequentially and the 
resonance frequency change was measured. The values of the two standards were 
chosen so that the sensor response was not in the saturated response region (> 2000 
Hz). 
12.4 Results and Discussion 
12.4.1 Resonance characterization and Calibration of PEMC sensors 
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PEMC sensors used in this study exhibited resonance mode near ~950 kHz in air with 
a mass-change sensitivity of ~ 1 fg/Hz, a value similar to our previous report59, 108.  
The sensors used in the experimental plan were chosen from a subset of 8 that 
exhibited similar resonance characteristics.  Of the eight sensors used, one was used 
previously in the study reported in108.  In this paper, the data from two cantilevers 
labeled, PEMCa and PMECb, are presented.  Typical resonance behavior of PEMC 
sensors in air and under liquid immersed conditions have been described previously 
58.  Here, the resonance frequency of PEMCa decreased from 956 to 890 kHz in PBS 
under 0.5 mL/min flow and had a peak shape factor (Q; ratio of resonance frequency 
to width at half height) of 33 and 28, respectively.  The resonance frequency of 
PEMCb decreased from 949 and 892 kHz in PBS under 0.5 mL/min flow and had a Q 
of 43 and 31, respectively.  The sensor PEMCa  was used in determining AMACR in 
patient urine, and  the sensor PEMCb  was used to obtain AMACR calibration  and to 
quantify AMACR in patient urine.   
12.4.2 Sensor response to human urine 
In order to evaluate the sensor response to patient urine, positive, negative, 
and buffer controls were used.  The positive control is the response of a clean sensor 
(no antibody) exposed to AMACR-free urine from a young adult male spiked with 
100 ng/mL of AMACR followed by a PBS rinse.  Negative control is the response of 
antibody-immobilized PEMC sensor to a one-mL sample of control young-male adult 
urine (AMACR-free) at 0.5 mL/min followed by a PBS rinse.  The buffer control was 
a-AMACR antibody-immobilized sensor exposed to PBS at 0.5 mL/min.  Typical 
responses (n=13) given in Fig 12-1 show the positive and negative control samples 
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showed a sharp decrease during the first 5 minutes of introducing the urine sample 
due to density difference between urine and PBS, followed by stabilization at a 
constant resonance frequency.  A PBS flush caused the removal of recirculating urine, 
and the resonance value returned to the pre-control resonance value.  Positive and 
negative controls yielded a zero response of -9 ± 13 and -34 ± 18 Hz, respectively.  
When PBS was flowed past the sensor, the density effect was notably absent, and the 
reference sample yielded a near-zero response (-6 ± 18 Hz). From the foregoing tests, 
it is clear that nonspecific adsorption from urine to an antibody-immobilized sensor is 
very small.  
12.4.3 Detection of AMACR in patient urine 
Urine samples of confirmed prostate cancer patients were prepared as 
described in Materials and Methods.  Figure 12-2 illustrates a haematoxylin and eosin 
stained slide of a patient with confirmed prostate carcinoma (Gleason pattern 3, 180 
X original magnifications)214. On top of the image one notes the outline of a benign 
gland surrounded by malignant glands with the insert showing the same tissue stained 
with AMACR. The image shows characteristic cytoplasmic granular staining in the 
tumor and the absence of staining in the benign gland (180X original magnification).  
This histological stain confirms the presence of the target biomarker, AMACR with 
prostate carcinoma.  Figure 12-3 shows the typical sensor response to AMACR in 
patient urine (1 mL) at 0.5 mL/min.  For all five patient urine samples examined in 
this study, the frequency response of PEMCa showed three distinct phases. First a 
decrease occurred during the first 5 minutes due to density effects, followed by a 
slower change presumably due to AMACR attachment, and finally a stabilizing phase 
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during which the resonance frequency reached a constant value within 60 minutes.  
The urine sample was in recirculation mode for the duration of the experiment to 
maximize contact of target AMACR with the sensor surface.  Because of 
recirculation, the density of the sample in contact with the sensor changed over time 
as the PBS became mixed with the urine.  This dilution effect typically took 5 – 20 
minutes in the flow apparatus used and was present in all samples tested.  The PEMC 
sensor response due to mixing is observable from the oscillatory behavior between 5 
and 20 minutes in Figure 3.  The experiment in Figure 12-3 was carried out in 
duplicate and resulted in a resonance frequency decrease of 977 ± 64 (n=2) Hz for 
Patient III.  The resonance frequency changes for the five different patients tested 
ranged from a high of 4,314 to a low of 269 Hz, and are summarized in Table 12-1.  
AMACR-free control teach with each sample gave a response that ranged from -10± 
21 to -63± 14 Hz.   
 
The magnitude of response for the PEMCa sensor varied considerably from 
patient to patient, presumably due to variation in AMACR concentration210.  
Although expression levels of AMACR in prostate cancer tissue is reported to vary 
over a large range, absolute figures in tissue or in urine are not available210, 215.  Since 
no preparation of the sample was attempted in this study, variation of urine pH (pH 
5.58 – 6.81 post-dilution) may also have contributed to potential variation in binding 
affinity.    Of the five samples tested, all had Gleason scores greater than or equal to 6 
and returned positive detection for AMACR.  This is in agreement with previously 
reported results indicating that AMACR is present in prostatic adenocarcinomas with 
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Gleason score of 6 (244/250 cases, 98%), Gleason score of 7 (105/107 cases, 98%), 
and Gleason score of ≥ 8 (69/73 cases, 95%)214.    
 
Urine, being a complex fluid appears to inactivate AMACR at 4 °C.  One 
sample of patient urine was stored at 4°C after collection and analyzed on day 1, 5, 
and 15 that gave a PEMC sensor response of -4,315, -2,051, and -1,095 Hz, 
respectively (Figure 12-4). This suggests that careful storage is essential in a clinical 
setting.  All samples used in this study were frozen (-22 °C) upon receipt and thawed 
immediately prior to measurement.   
12.4.4 Confirmation of AMACR on sensor surface 
One method of determining that the sensor response is due to attachment of 
target antigen, is to release the bound protein with a low pH buffer and compare the 
resultant sensor resonance frequency with the value prior to sample exposure.  At the 
conclusion of a detection experiment that resulted in a resonance frequency decrease 
of 927 Hz, a pH 2.4 buffer (100 mM glycine.HCl with 1% (v/v) ethylene glycol)  was 
flowed past the sensor surface followed by a PBS flush (Fig 12-5).  The resulting 
frequency increase of 900 Hz was within 3 % of the response obtained during 
detection.  Similar release experiments conducted with other patient urines gave 
recovery of resonance frequency in the range of 1- 4 % of the sensing response.  It is 
important to note that both the sample flow cell and feed lines in the apparatus were 
flushed with PBS before and after the AMACR detection and that the release solution 
was prepared in PBS.  This ensures that the density and viscosity of the fluid 
surrounding the sensor after detection and prior to release are nearly the same, so that 
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differences in resonance frequency can be quantitatively related to binding and 
release of AMACR.  The result in Fig. 12-5 shows that the change in frequency is 
indeed due to the release of bound AMACR. 
 
Further confirmation of the AMACR binding can be seen in response to both 
the positive and negative controls given in Figure 12-1.  The frequency response of 
the sensor to the positive and negative controls yielded a change of -9 ± 13 and -34 ± 
18 Hz.  This confirms that other biomolecules and salts present in a urine specimen 
did not bind to the sensor prepared with the antibody to AMACR.  We believe this 
advantageous feature is due to the combination of flow and continuous sensor surface 
vibration, that is present in the PEMC-based measurement.  
 
12.4.5 AMACR Calibration in buffer 
The above experiments establish that the PEMC sensor response is due to 
AMACR present in urine.  The sensor response can be related to AMACR 
concentration in urine.  Thus, PEMC response to known concentrations of AMACR 
in PBS and in AMACR-free human urine was determined.  That is, known 
concentrations of AMACR were added to control urine (AMACR-free) to determine 
the frequency response of the sensor.  In order to calibrate in buffer, the antibody-
immobilized sensor (PEMCb) was exposed to sequential known additions of AMACR 
in the flow circuit.  After each addition sufficient time was allowed to reach steady 
state response.  The various additions resulted in a stair step response (graph not 
shown).  Three mL aliquots of AMACR solutions of known concentrations were 
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introduced to the flow circuit in a sequential fashion.  The total mass of AMACR 
added at each calibration step was 30 fg to 300 ng in increments of 10 x, and resulted 
in resonance frequency decrease of 409 ± 10, 482 ± 4, 420 ± 14, 550 ± 7, 438 ± 6, 
408 ± 3, 295 ± 3, and 131 ± 3 Hz, respectively.  The kinetics of AMACR attachment 
to the sensor’s surface was similar at each addition steady state was reached in ~40 
min.  The total cumulative frequency decrease from the sequential AMACR additions 
(333.33 ng) was 3,130 Hz.  Unlike our previous work with chemisorption of a small 
molecule, the sensor did not reach saturation due to the low concentration of AMACR 
used138. 
 
12.4.6 AMACR Calibration in urine 
While calibration in buffers at optimum pH most likely gives highest sensor 
response, it is useful to obtain calibration values in urine itself.  In order to eliminate 
the density effect noted earlier, a urine calibration method was devised that used 
control urine as the running buffer. PEMCb sensor response was obtained by spiking 
with known amounts of AMACR.   As a result, an initial response to density change 
was observed, followed by a series of sensing responses relating to increasing mass of 
AMACR in the circulating urine buffer.  See Fig 12-6.  AMACR added to the flow 
circuit was 10 fg to 10 pg increments of 10x, which resulted in frequency decreases of 
399 ± 2, 523 ± 4, 324 ± 5, 270 ± 6, and 286 ± 2 Hz, corresponding to each of the 
additions.   This was repeated using a second control urine starting with 10 fg and 
ending with 100 ng in a similar fashion which caused frequency shifts of 448 ± 10, 
464 ± 9, 346 ± 20, 393 ± 9, 134 ± 5, 244 ± 5, and 272 ± 6 Hz, respectively (10 pg 
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sample was not injected).  A third control urine gave resonance frequency shifts of 
411 ± 14, 469 ± 6, 416 ± 5, 136 ± 10, 432 ± 12, 357 ± 5, and 239 ± 3, 94 ± 10 Hz for 
the same standard AMACR additions.  It should be noted that the control urine was 
collected from the same subject at different time periods.  The total volume in the 
flow circuit at the start of the urine calibration was 6 mL (3 mL PBS + 3 mL control 
urine).  Each sequential addition of AMACR solution caused a 0.1 mL increase in 
total volume resulting in a net change in volume of ~13%.  Additionally, the mass of 
the sequential additions were additive, so that the final mass of AMACR in solution 
for the two calibrations was 110 ng and 11 ng, respectively.  We attribute the 
variability in sensor response in the three urine calibration responses to the natural 
variations in urine composition200 and its pH (6.6, 6.5 and 6.3).   
Sensor response to AMACR standards in the two media (buffer and urine) correlates 
well with the log of concentration (Fig 12-7).  We have found similar logarithmic 
correlation of sensor response with target analyte concentration such as spores57, 
small molecules138, and large enterotoxin216.  A reasonable approach, therefore, is to 
examine if the same mathematical relationship (Eq. 12-1) holds true for the 
biomarker, AMACR.  The sensor response )( fΔ−  is related to target AMACR 
concentration (Cb0 ) by    
BCAf b +=Δ− )log()( 0      (12-1) 
where A and B are slope and intercept in Figure 12-7.    The parameters A and 
B depend on cantilever dimensions, antibody binding constant, and antibody surface 
concentration.  Fitting of the data to the model gave excellent correlations (R2 = 0.98, 
A = 273.2, B = 4639.5; R2 =  0.98, A = 375.6, B = 5676.0) for urine and buffer 
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respectively.  The ~30 % difference in the constants A and B translates to ~25 % 
lower change in resonance frequency. One notes that the response to maximum 
AMACR added was 3130 Hz in buffer compared to 2380 Hz in urine (Fig 12-7).   We 
conclude that the sensor is ~25 % less sensitive in urine than it is in buffer for a given 
AMACR concentration.  Therefore, to an extent, an optimal value of A and B may be 
achieved by manipulating the buffer medium used for detection. 
12.4.7 An AMACR Quantification Method for Patient Urine 
For quantification, use of buffer medium calibration constants will under 
estimate AMACR present. Since urine is highly variable in its content, it is useful to 
use the patient’s urine as the running buffer. Since Eq. (12-1) gave excellent 
correlation (R2 = 0.97 – 0.99) we devised a method of in situ calibration for 
quantifying AMACR in patient urine.  The basis of this approach is to determine 
sensor response to two standard additions of AMACR with patient urine as the 
running buffer.  The key to this approach is not to saturate the sensor by using small 
mass additions.  The frequency response associated with the two knowns was used to 
calculate A and B.  The frequency shift due to the patient sample subtracting out the 
response due to density was then used to calculate the AMACR present.  That is,  
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where uf )( Δ− , 1)( fΔ− , and 2)( fΔ− are the density-corrected resonance frequency 
changes due to the patient urine and cumulative frequency response to known 
(12-2) 
 
(12-3) 
 
(12-4) 
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additions ( 1 2m , mΔ Δ ), respectively, b0uC is the AMACR concentration in patient 
urine and V is the total volume in the flow circuit. 
 
Three patient samples were evaluated with PEMCb using the above method 
and are shown in Figure 12-8.  In all cases the density response at the end was small, 
but variable.  In all cases, the urinary AMACR gave a fairly substantial decrease of 
315, 460, and 274 Hz for the three patients (III, V, and IV, respectively).  The 
frequency changes corresponded to 42, 2 and 3 fg/mL.  Control urine gave a response 
of ~ 10 Hz.  The average concentration of AMACR in a patient suffering from 
prostatic adenocarcinoma is not available. The values determined in this study are 
below the detection limit of conventional immunoassays such as ELISA.   
 
12.4.8 Effect of medium on detection kinetics 
The effect of sample medium on the kinetics of binding is best quantitatively 
modeled using Langmuir kinetics reported previously 44, 56.  Since the bulk 
concentration of AMACR (Cb0) is known accurately at t = 0, the value of binding rate 
constant kobs, can be obtained by analyzing the experimental data in light of the model 
given by 74: 
τobskf
ff −=Δ
Δ−Δ
∞
∞ )
)(
)()(ln(   (12-5) 
where fΔ  and f∞Δ  are resonance frequencies at time τ and at steady state. Fitting the 
sensor response from the buffer and urine calibration experiments to Eq 5, gave 
excellent correlation (R2 = 0.96 to 0.98) and kobs for 10 fg and 100 fg yielded kinetic 
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rates of 0.08 ± 0.03 and 0.06 ±  0.02min-1 in urine (n=4) and was found to be greater 
than 0.061 ± 0.006 and 0.057 ±  0.012 min-1 for equal concentrations in buffer (n=2). 
The kinetics in urine exhibited a greater sample to sample variation compared to the 
PBS buffer.  It is interesting to note that the higher mass additions cause the 
frequency response to deviate slightly from linearity.  If one assumes a distance of 
17.1 nm between the Fab regions of a-AMACR135 and a one to one relationship 
between antibody and antigen, the amount of AMACR required to completely cover 
the surface is ~ 1 ng.  Since antigen detection depends on accessible active antibody 
sites and the probability of an antigen coming in contact with it, it is reasonable to 
assume that as the amount of antigen added increases, the ability for the antigen to 
find an available attachment site on the sensor's surface decreases, resulting in the 
saturation behavior observed at higher mass additions. 
 
12.5 Conclusions 
Over the last ten years, the identification of key tissue specific gene expression that 
can be used as prognostic and screening biomarkers for diseases has become of great 
importance.  In the case of prostate cancer, AMACR has been evaluated as a 
candidate marker due to its consistent up-regulation in prostate cancer patients.  
When clinically evaluated, mRNA levels of AMACR revealed an average up-
regulation of ~9 fold in clinical prostate cancer specimens when compared with non-
prostate cancer specimens217.  As such, the ability to identify elevated levels of 
AMACR in patient urine may be seen as a complimentary assay to more traditional 
diagnostic tools such as DRE, PSA screening, and needle biopsy.  The ability to 
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rapidly (< 60 minutes) identify the presence of low levels of AMACR in voided urine 
samples without any additional sample preparation provides a versatile analytical tool 
to determine patient risk of harboring prostate carcinoma.  With the lack of specificity 
associated with PSA screening, and the inability to identify the initial stages of 
carcinoma with DRE, the PEMC sensor may be able to provide additional 
information by quantifying the presence of AMACR in urine samples in the 
outpatient (point of care) setting.  This new diagnostic ability has the potential to 
better stratify patients eligible for prostate biopsy.  Since AMACR is known to be up-
regulated in patients with prostate cancer, combining traditional diagnostic methods 
with real-time AMACR urine measurement may prove to be a useful screening tool. 
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Table 12-1 
Table 12-1. Frequency response (PEMCa) of the five cases tested for the presence of AMACR 
(n=2).  The Gleason score, age, and post-biopsy stage of each patient are listed.  The pathologic 
classification of prostate cancer tumors are subclassified as T2a (less than one half of one lobe 
involvement), T2b (more than one half of one lobe involvement), and T2c (bilateral 
involvement).Frequency response (PEMCa) of the five cases tested for the presence of AMACR 
(n=2).  The Gleason score, age, and post-biopsy stage of each patient are listed.  The pathologic 
classification of prostate cancer tumors are subclassified as T2a (less than one half of one lobe 
involvement), T2b (more than one half of one lobe involvement), and T2c (bilateral involvement). 
Case # Age Gleason Score 
Post 
Biopsy 
Stage 
PSA Value PEMCa Response 
PEMCa 
Control 
Urine 
Case 1 61 7 pT2c 11.6 ng/mL -4,314±35 Hz 10±21 Hz 
Case 2 83 6 pT2a 12.6 ng/mL -269±17 Hz 10±6 Hz 
Case 3 64 8 pT2c 78.4 ng/mL -977±64 Hz -63±14 Hz 
Case 4 59 7 pT2b 4.6 ng/mL -600±31 Hz -35±24 Hz 
Case 5 65 7 PT2c 2.0 ng/mL -801±81 Hz -20±15 Hz 
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Figure 12-1 
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Figure 12-1 Resonance frequency shift for the three controls.  The positive control was response 
of PEMCa sensor that was not prepared with the antibody and exposed to patient urine followed 
by a PBS flush (arrow shown).  Negative control was the response of antibody-immobilized 
PEMCa sensor to a one-mL sample of control urine at 0.5 mL/min followed by a PBS flush. The 
PBS buffer control was an antibody immobilized cantilever in PBS (pH 7.4) flowing at 0.5 
mL/min.   
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Figure 12-2 
 
Figure 12-2. Prostate carcinoma, Gleason pattern 3 H&E 180X original magnification.  The top 
of the image shows the outline of a benign gland.  Insert shows the same tissue stained with 
AMACR. Note the characteristic cytoplasmic granular staining in the tumor and the absence of 
staining in the benign gland (180X original magnification). 
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Figure 12-3 
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Figure 12-3. Typical resonance frequency shift of PEMCa upon binding AMACR to the 
antibody-immobilized sensor surface.  The curve represents one patient specimen run.  The 
results show that AMACR is present in the patient’s urine sample.   
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Figure 12-4 
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Figure 12-4. Resonance frequency response to AMACR in patient sample at three time points. 
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Figure 12-5 
-1,200
-1,000
-800
-600
-400
-200
0
200
0 20 40 60 80 100 120
Time (min)
C
ha
ng
e 
in
 R
es
on
an
ce
 F
re
qu
en
cy
 (H
z) PBS
PBS
PBS
Patient Urine
Release 
Buffer
 
Figure 12-5. PEMCa sensor response to attachment and release of AMACR. The attachment and 
release from the detection of AMACR in a patient sample.  The total frequency change due to the 
binding and unbinding were 927 ± 20 Hz and 900 ± 20 Hz, respectively.   
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Figure 12-6 
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Figure 12-6. Calibration of AMACR in urine. Frequency response of PEMCb sensor with 
sequential additions of AMACR in control urine. Incremental amounts of AMACR were added 
to the flow circuit to final mass 10 fg, 100 fg, 1 pg, 10 pg, 100 pg, and resulted in resonance 
frequency decreases of 399 ± 2, 523 ± 4, 324 ± 5, 270 ± 6, and 286 ± 2 Hz, respectively.  The total 
volume in the flow circuit was 6 mL, so each sample was diluted by a factor of 6.   
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Figure 12-7 
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Figure 12-7. Resonance frequency change as a function of AMACR concentration in urine and 
buffer.  Plot of the sensor response data versus the log of AMACR concentration in the buffer 
and urine samples.  Linear behavior is observed for sample concentrations ranging from 1 fg/mL 
to 100 ng/mL. 
 
 
 
 
 
 
 
 
  
243 
 
Figure 12-8 
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Figure 12-8. Quantification of AMACR in patient urine.  Panel A. Frequency response of 
PEMCb sensor due to AMACR patient urine followed by 1 pg and 10 pg AMACR additions.  
The frequency decreases due to patient urine, 1 pg, and 10 pg AMACR were 315, 620, and 854 
Hz, respectively.  Using Eq.(12-2)-(12-4) AMACR concentration is estimated as 42 fg/mL in 
patient urine.  Panel B. Frequency response of PEMCb sensor due to AMACR patient urine 
followed by 100 fg and 1 pg AMACR additions.  The frequency decreases due to patient urine, 
100 fg and 1 pg AMACR were 460, 392, and 362 Hz, respectively.  An estimated AMACR 
concentration of 2 fg/mL was calculated for the patient urine.  Panel C.  Frequency responses of 
PEMCb due to AMACR patient urine followed by 100 fg and 1 pg AMACR additions is shown.  
The frequency decreases for the three cases are 274, 615, and 749 Hz, respectively.  An estimated 
AMACR concentration of 3 fg/mL was calculated for the patient urine.    
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Chapter 13: Detection of an Ovarian Cancer Biomarker in Serum at 
Concentrations of 1 Attogram/mL Using a Novel Amplification Technique 
 
13.1 Abstract 
We describe a macrocantilever-based method for detecting an ovarian cancer 
biomarker (CA-125) directly in serum without a sample preparation step and without 
the use of labeled reagents.  Additionally, we describe a label-free method for 
amplifying bound mass on the sensor surface to improve the limit of detection ~ 4 
orders of magnitude.  The presence of CA-125 in human serum samples was 
measured with an anti-CA-125 immobilized piezoelectric-excited millimeter-sized 
(PEMC) sensor.  The resonance frequency of PEMC decreases as CA-125 from 
sample binds to the antibody on the sensor.  Sensor response to 5 fg, 50 fg, 500 fg and 
5 pg CA-125 in buffer resulted in resonance frequency decreases of 15 ± 3, 98 ± 9, 
347 ± 11, and 442 ± 6 Hz, respectively (n=2).  In serum 5 fg, 50 fg, 500 fg and 5 pg 
CA-125 resulted in resonance frequency decreases of 22 ± 5, 136 ± 30, 173 ± 2, and 
276 ± 24 Hz, respectively (n=3).  The primary limit of detection for the PEMC 
sensors used is located between 5 and 50 fg.  A secondary and tertiary limit of 
detection was obtained by attaching CA-125 mAb to the bound antigen and mouse 
pAb to the bound secondary antibody, respectively.  The resulting resonance 
frequency shifts due to CA-125 mAb were 118 ± 21 (n=4), 164 ± 7 (n=2), and 216 ± 
12 (n=2) for CA-125 masses of 50 ag, 500 ag, and 5 fg, respectively.  Frequency 
decreases of 103 ± 10 and 196 ± 6 Hz (n=2) were recorded for the secondary and 
tertiary antibody, respectively for CA-125 masses of 5 and 50 ag, respectively.  The 
addition of the secondary and tertiary antibody molecules improved the sensor's limit 
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of detection by ~ 3 and ~ 1 order of magnitude, respectively.  The significance of 
these results is that PEMC sensors can reliably detect CA-125 at 5 to 50 ag (effective 
concentration of 1 and 10 ag/mL) in complex fluids using a simple amplification 
method and without sample preparation or the use of labeled reagents. 
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13.2 Introduction 
 Current methods of detecting medically significant biomarkers have 
considerably high limits of detection and are only usefully for measuring advanced 
stages of disease 1. An easy to use, yet sensitive and selective method that can detect 
disease biomarkers directly in body fluids with minimal sample preparation could 
potentially improve timely diagnostic capability, and allow for earlier identification 
and treatment of diseases using newly identified protein biomarkers 2, 192-196.  The 
current industry standard in protein diagnostics is enzyme-linked immunosorption 
assay (ELISA) which has ~pM detection limit and relies on fluorescent labeling 1.  
Application of ELISA is limited in a point-of-care setting due to sample preparation 
and the reliance on maintenance-intensive equipment and skilled personnel.  
Emerging and promising approaches include immuno-PCR1, immunoassay in 
conjunction with multi-photon detection method (IA-MPD)22, and super-ELISA 1 
which have shown sensitivity at attomolar to femtomolar concentration range for 
protein biomarkers.  While such techniques are exquisitely sensitive, they require 
sample preparation step(s), labeled reagents and are multi-step laboratory procedures 
which require skilled laboratory personnel. In this paper, we describe a 
macrocantilever-based method that does not require labeled reagents, and one that 
does not require a sample preparation step for protein biomarkers, and illustrate its 
sensitivity and selectivity for a known ovarian cancer biomarker in human sera.   
Additionally, we demonstrate a novel, label-free amplification strategy that enables a 
one thousand-fold increase in the sensor's limit of detection. This biosensor shows a 
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superior sensitivity in complex fluids when compared to methods such as immuno-
PCR and IA/MPD.   
 
In the current method, two advantageous features reduce non-specific binding.  
Measurement under sample flow conditions (~ 0.1 cm/s) combined with active 
vibration of sensing surface gives unparalleled selectivity in complex fluid 
environment.  Previous work showed selective detection of 1 x 10-14 g α-methylacyl-
CoA racemase (AMACR) in urine218, 1 x 10-14 g staphylococcus enterotoxin B (SEB) 
in milk and apple juice216, Bacillus anthracis at 330 spores/mL in the presence of two 
Bacillus species at 330,000 spores/mL219 and the detection of Escherichia coli 
O157:H7 in ground beef samples at 10 cells/mL164.  The high degree of specificity in 
complex fluids potentially can lead to point-of-care applications for biomarker 
measurement in body fluids.     
 
 Ovarian cancer is the fifth leading cause of cancer deaths among North 
American women220 and the sixth most common cancer in European women221.  A 
majority of ovarian cancer cases are epithelial in nature; with approximately 70 % of 
the cases occurring in women who are over the age of 50.  More than one half of 
these reported cases will result in advanced stage diagnosis of the disease222.  
Currently, ovarian cancer screening consists of three main tools: transvaginal 
ultrasound (TVU), pelvic examinations, and measurement of protein biomarker (CA 
125) levels in serum.  When a suspicious ovarian mass is detected using one of the 
screening tools laparoscopic or laparotomic surgery is conducted.  Using one of the 
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screening tests, a positive predictive value (PPV) of 10 % is considered acceptable223.  
This correlates to one positive diagnosis of cancer for every 10 surgical procedures224.  
Research into the identification of a specific and selective biomarker for ovarian 
cancer was driven by a greater need for improved diagnostic methods to permit 
earlier detection of the disease.  This research led to the discovery of CA 125 by Bast, 
et al.225  as the first serum tumor marker test for epithelial cancer of the ovary.  As 
indicated, CA 125 has become one of the dominant ovarian cancer screening tools 
used by physicians for diagnosing at risk patients.   
CA-125 is the most reliable serum marker for ovarian carcinoma for both the 
differential diagnosis of ovarian masses and the monitoring of the response to 
chemotherapy and follow-up of patients with histologically proven ovarian 
carcinoma223.  Additionally, CA 125 has been shown to be effective in screening 
patients for the presence of malignancy.    The CA 125 antigen is a heterogeneous 
mixture of glycoproteins with a molecular weight range of 200-1,000 kDA, but lower 
molecular weight species have also been reported222, 226.  Elevated serum CA 125 
levels (>35 U/mL) can be detected in approximately 50% of patients with stage I and 
in more than 90% of those with advanced stages (II-IV) of the disease227, 228.  More 
recent advances have shown that the performance characteristics (sensitivity, 
specificity, and positive and negative predictive values) for detection of the disease 
cancer be significantly improved by lowering the cutoff value to 16.0 units/mL229.   
 A Piezoelectric-excited millimeter-sized cantilever (PEMC) is a macro-
cantilever that is comprised of a PZT (lead zirconate titanate) layer bonded to a non-
piezoelectric layer of a few millimeters in length and 1 mm in width.  The PZT layer 
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serves both as an actuating and as a sensing element.  When an electric field is 
applied across the thickness of PZT, it deforms primarily along its length causing the 
base non-piezoelectric layer to flex230.  If the field alternates, the sensor experiences 
flexural oscillations.  The sensor resonates when the excitation frequency coincides 
with the natural mechanical frequency.  At resonance, the cantilever undergoes higher 
than normal bending stress and the PZT being electro-mechanically active exhibits a 
sharp change in electrical impedance.  In other words, the phase angle between the 
excitation voltage and the resulting current changes significantly, and is conveniently 
measured using an impedance analyzer. The piezoelectric layer acts as an actuating 
and a sensing element, while the glass provides a surface for antibody 
immobilization. The sensing response is recorded by measuring changes in resonance 
frequency of the vibrating sensor231.  Recent innovations in the design of PEMC 
sensors have lead to the discovery of a high-order resonance mode near ~ 900 kHz 
that exhibits mass-change sensitivity in the range of 0.3 to 2 fg/Hz 108, 219. 
 
13.3 Experimental Section 
13.3.1 Chemicals 
Mouse monoclonal antibody to CA-125 was purchased from Abcam (Cambridge, 
MA) at a concentration of 2.56 mg/mL.  Rabbit polyclonal antibody to CA-125 was 
purchased from Cortex Biochem (San Leandro, CA) at a concentration of 5.1 mg/mL.  
CA-125 standard was from Biodesign (Saco, Maine) at a concentration of 66 KU/mL.  
Sheep polyclonal to mouse IgG was purchased from Abcan at a concentration of 1.6 
mg/mL.  Human serum was obtained from xyz.  All other reagents were from Sigma-
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Aldrich (Allentown, PA) or Fisher Scientific.  Deionized water used was from a 
Milli-Q plus (18.2 MΩ-cm). 
 
13.3.2 Sample Preparation 
CA-125 standards were prepared in 10 mM PBS from a stock of ~70 μg/mL (0.75 U 
≅ 1 ng) by serial dilution.  Serum samples were thawed and subdivided into 1 mL 
aliquots samples and refrozen.  One or two vials of 1 mL was then injected into the 
flow circuit for analysis.    
 
13.3.3 Experimental Apparatus 
A schematic of the experimental setup  and details of flow arrangement were reported 
previously 58. It consisted of four fluid reservoirs, two peristaltic pumps, a sensor flow 
cell (SFC), and a PC-interfaced impedance analyzer.  The sensor flow cell (SFC) has 
a hold-up volume of 120 μL after sensor was inserted. The fluid reservoirs contained 
PBS, serum sample, and release solution (100 mM glycine.HCl with 1% (v/v) 
ethylene glycol; pH 2.4). The liquid reservoirs were connected to SFC via a four-
entrance port manifold. The outlet of the flow cell was connected to a peristaltic 
pump, which controlled the flow of the desired fluid into and out of the SFC.  The 
experimental apparatus can be operated in either a single pass mode where the fluid 
from the reservoir is only contacted with the sensor once or in a recirculation mode 
where a flow loop is established from a reservoir, through the flow cell, and back into 
the reservoir.     
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The cantilever electrodes were connected to an impedance analyzer (Agilent, HP 
4192A or HP 4294A) interfaced to a PC with LabVIEW® application for recording 
impedance and phase angle measurements.  The SFC was maintained at 30 ± 0.1 °C 
by circulating constant temperature (38 ± 0.1 °C) water through a jacket surrounding 
the SFC.   
 
13.3.4 Cantilever Fabrication 
Details of PEMC fabrication and its response characteristics were previously 
described 108.  The cantilever tip was fabricated with the PZT layer, 4 mm x 1 mm 
(length x width) bonded to the glass layer, 4 mm x 1 mm (length x width), such that 
the 4 mm of glass is available for antibody immobilization.  The glass portion of the 
cantilever was first cleaned in piranha solution (70%:30% volume ratios of H2SO4 
and 30% H2O2, CAUTION!), followed by DI water rinse, and then dried in air.  The 
glass was coated with a thin layer of polyurethane and then sputtered with 100 nm 
gold (99.9%), using a Denton Desk IV Sputtering System.   
 
Several cantilevers were fabricated and used in the various experiments reported in 
this paper.  Since the cantilevers are made individually and manually, no two have 
exactly the same resonance characteristics.  Therefore, we use one of two sensors 
(labeled PEMCa and PEMCb) in all experiments. 
 
13.3.5 Sensor mass calibration 
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11-mercaptoundeconoic acid (MUDA, MW = 218.36) was dissolved in ethanol/water 
(0.2 %  v/v) at concentrations ranging from 100 pg/mL to 10 fg/mL.  The sensor was 
mounted in a 28 0C dry incubator and its resonance frequency was measured 
continuously.  One μL of thiol solution was dispensed on the sensor.  The resonance 
frequency immediately decreased and soon after increased almost linearly as the 
sample evaporated and finally reached a constant value leaving behind 10 ag of 
MUDA.  Additional 1 μL droplets of increasing concentration were added in 
sequence and the resonance frequency values were recorded after each addition.  Pure 
ethanol/water solution was used as a control.  Several additions were made for 
PEMCa and PEMCb and the response was plotted against added mass.   
 
13.3.6 Cantilever Functionalization   
The gold-coated sensor was first submerged in 10 μg/mL Protein G for one hour at 
room temperature, followed by immersion in 10 μg/mL polyclonal anti-CA-125 
(primary antibody) for 90 minutes.  The sensor was then installed in the sample flow 
cell and stabilized in 10 mM PBS for 10 minutes.  In previous work218, the Au-coated 
sensor was exposed to 1 μg/mL bovine serum albumin for 30 minutes in recirculation 
mode to block unoccupied sites on the sensor.  The blocking step did not result in any 
significant frequency change (< ±20 Hz) and was not required used in this design of 
experiments. 
 
13.3.7 CA-125 Calibration in Serum 
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Two CA-125-calibrations, one in PBS and the second in serum, were carried out at 
0.5 mL/min.  The antibody-immobilized sensor was installed and PBS solution was 
re-circulated until the resonance frequency stabilized.  A 100 μL standard of 50 
fg/mL CA-125 (5 fg) was introduced into the PBS and the resulting frequency 
decrease was recorded.  Subsequently, additional 100 μL standard of increasing 
concentration in 10x steps were added until the last addition of 5 pg was done.  The 
measured steady state resonance frequencies were then correlated to CA-125 
concentration using Eq (13-1) developed in the results section below. 
 
Calibration in serum was devised to eliminate the density effect. This was 
accomplished using serum as the running buffer.  First, two mL of serum was 
introduced into the flow circuit in a recirculation mode, and the sensor was allowed to 
reach steady state resonance frequency. Then, a 100 μL standard of 50 fg/mL CA-125 
(5 fg) was introduced and the resulting sensor response was recorded. Subsequently, 
additional 100 μL standard of increasing concentration in 10x steps were added until 
the last addition of 5 pg/mL was done.  The measured steady state resonance 
frequencies were then correlated to CA-125 concentration using Eq (13-1).  
 
13.3.8 Detection Experiments 
First, PBS was re-circulated at 0.5 mL/min to ensure the flow circuit was flushed 
clean. A two-mL serum sample was added to the sample reservoir, and was 
immediately pumped into the flow circuit in recirculation mode until a new steady 
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state was reached.  Since the flow circuit contained 3 mL of PBS, the serum sample 
was diluted by ~ 30 % v/v.  Steady state was assumed to have been reached if the 
sensor resonance frequency was within ± 30 Hz over a 15 minute period.    After 
stabilization, a 100 μL sample of stock CA-125 solution was added to the system and 
the resonance frequency change was recorded.  After detection, the flow circuit was 
then rinsed with PBS, followed by the introduction of release buffer.  After the sensor 
resonance frequency reached a steady state value, a PBS flush was carried out.   
 
To confirm that the sensor response was due to antigen binding, both positive and 
negative control samples were carried out at the same temperature and flow rate.  The 
positive control was response of PEMC sensor that was not prepared with the 
antibody and exposed to CA-125 spiked serum followed by a PBS flush.  Negative 
control was the response of antibody-immobilized PEMC sensor to a one-mL sample 
of serum (CA-125-free) at 0.5 mL/min followed by a PBS flush. 
 
13.3.9 Amplification in Serum 
One method of increasing the ability of a sensor to detect extremely low 
concentrations is by amplifying the amount of bound mass on the sensor surface.  In 
an attempt to improve the overall limit of detection, an amplification scheme was 
devised to add additional mass to the bound antigen on the sensor surface.  After 
establishing a limit of detection in serum and buffer, a 100 μL sample of CA-125 was 
flowed past an antibody functionalized sensor surface for 60 minutes.  The amount of 
CA-125 was chosen to be ~ one order of magnitude below the lowest limit of 
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detection.  After exposure to the antigen solution, the system was rinsed with PBS 
and one-mL of monoclonal a-CA-125 solution (10 μg/mL) was flowed past the 
sensor for 75 minutes (secondary antibody).  During this time, the resonance 
frequency decrease was monitored.  The principle here is that the monoclonal 
antibody will specifically attach to the bound CA 125 causing an observed decrease 
in resonance frequency, indicating that the CA 125 antigen is indeed bound to the 
sensor surface even though the mass present is below the sensors limit of detection.  
Following the secondary antibody addition and a PBS flush, a one-mL sample of 
sheep polyclonal to a-mouse (10 μg/mL) was flowed past the sensor surface for 75 
minutes and the resonance frequency decrease was monitored (tertiary antibody).  
This sequence was repeated for CA-125 masses of 5 ag, 50 ag, 500 ag, and 5 fg. 
 
13.4 Results and Discussion 
13.4.1 Resonance Characterization and Calibration of PEMC sensors 
PEMC sensors used in this study exhibited resonance mode near ~900 kHz in air with 
a mass-change sensitivity of ~ 1 fg/Hz, a value similar to our previous report 108, 219. 
The sensors used in the experimental plan were chosen from a subset of 6 that 
exhibited similar resonance characteristics.  In this paper, the data from two 
cantilevers labeled, PEMCa and PMECb, are presented.  Typical resonance behavior of 
PEMC sensors in air and under liquid immersed conditions have been described 
previously58.  Here, the resonance frequency of PEMCa decreased from 826 to 774 
kHz in PBS under 0.5 mL/min flow and had a peak shape factor (Q; ratio of 
resonance frequency to width at half height) of 69 and 35, respectively.  The 
  
257 
 
resonance frequency of PEMCb decreased from 866 and 742 kHz in PBS under 0.5 
mL/min flow and had a Q of 78 and 38, respectively.  Both sensors were used during 
the calibration and detection experiments.  
  
The results of the 11-Mercaptoundeconic acid calibration experiments gave mass 
sensitivity values of 115 and 92 ag/Hz for PEMCa and PEMCb, respectively.  These 
values are slightly lower than the results obtained previously where the ~930 kHz 
peak exhibited sensitivity in the range of 300 ag/Hz – 1.4 fg/Hz in air219, however, are 
within an order of magnitude and may be purely due experimental variability. 
 
13.4.2 Sensor response to human serum 
In order to evaluate the sensor response to human serum, positive, negative, and 
buffer controls were used.  The positive control is the response of a clean sensor (no 
antibody) exposed to CA-125-free serum spiked with 100 ng/mL of CA-125 followed 
by a PBS rinse.  Negative control is the response of antibody-immobilized PEMC 
sensor to a one-mL sample of serum (CA-125-free) at 0.5 mL/min followed by a PBS 
rinse.  The buffer control was a-CA-125 antibody-immobilized sensor exposed to 
PBS at 0.5 mL/min.  Typical responses (n=13) given in Fig 13-1 show the positive 
and negative control samples showed a sharp decrease during the first 5 minutes of 
introducing the serum sample due to density difference between serum and PBS, 
followed by stabilization at a constant resonance frequency.  A PBS flush caused the 
removal of recirculating serum, and the resonance value returned to the pre-control 
resonance value.  Positive and negative controls yielded a zero response of -11 ± 8 
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and -6 ± 6 Hz, respectively.  When PBS was flowed past the sensor, the density effect 
was notably absent, and the reference sample yielded a near-zero response (-6 ± 18 
Hz, data not shown)). From the foregoing tests, it is clear that nonspecific adsorption 
from serum to an antibody-immobilized sensor is very small.  
  
Since several antibodies were used to capture the antigen and add additional mass to 
the sensor surface, the experimental setup was challenged for antibody cross-
reactivity (Figure 2).  Initially, a sensor was functionalized with polyclonal antibody 
to CA-125 as described earlier.  A 2 mL sample of serum was introduced into the 
flow cell and the resonance frequency stabilized at a lower value due to the density 
effect.  After 60 minutes, the flow cell was rinsed with PBS and a 1 ng/mL solution of 
monoclonal a-CA-125 was then recirculated for 60 minutes.  After another PBS flush 
was performed, a 1 ng/mL solution of anti-mouse IgG was recirculated for 60 minutes 
and the resonance frequency was monitored.  Each addition of antibody post-serum 
resulted in a near-zero sensor response (-10 ± 2 and -8 ± 4 Hz, respectively) 
indicating that both antibodies did not cross-react with the polyclonal antibody on the 
sensor surface.   
 
13.4.3 CA-125 Primary Calibration in buffer 
The above experiments establish that the PEMC sensor response is due to CA-125 
present in serum.  The sensor response can be related to CA-125 concentration in 
serum.  Thus, PEMC response to known concentrations of CA-125 in PBS and in 
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CA-125-free human serum was determined.  That is, known concentrations of CA-
125 were added serum (CA-125-free) to determine the frequency response of the 
sensor.  In order to calibrate in buffer, the antibody-immobilized sensor (PEMCa) was 
exposed to sequential known additions of CA-125 in the flow circuit.  CA-125 added 
to the flow circuit was 5 fg to 5 pg increments of 10x, which resulted in frequency 
decreases of 15 ± 3, 98 ± 9, 347 ± 11, and 442 ± 6 Hz (n=2), corresponding to each of 
the additions.   After each addition sufficient time was allowed to reach steady state 
response.  The various additions resulted in a stair step response (Figure 13-3A).  The 
kinetics of CA-125 attachment to the sensor’s surface was similar at each addition 
steady state was reached in ~40 min.  The total cumulative frequency decrease from 
the sequential CA-125 additions (5.5 pg) was 902 Hz.  Unlike our previous work with 
chemisorption of a small molecule, the sensor did not reach saturation due to the low 
concentration of CA-125 used138. 
 
13.4.4 CA-125 Calibration in serum 
While calibration in buffers at optimum pH most likely gives highest sensor response, 
it is useful to obtain calibration values in serum itself.  In order to eliminate the 
density effect noted earlier, a serum calibration method was devised that used CA-
125-free serum as the running buffer. PEMCa sensor response was obtained by 
spiking with known amounts of CA-125.   As a result, an initial response to density 
change was observed, followed by a series of sensing responses relating to increasing 
mass of CA-125 in the circulating serum.  See Fig 13-3B.  CA-125 added to the flow 
circuit was 5 fg to 5 pg increments of 10x, which resulted in frequency decreases of 
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22 ± 5, 136 ± 30, 173 ± 2, and 276 ± 24 Hz (n=3), corresponding to each of the 
additions.   The total volume in the flow circuit at the start of the serum calibration 
was 4 mL (3 mL PBS + 1 mL serum).  Each sequential addition of CA-125 solution 
caused a 0.1 mL increase in total volume resulting in a net change in volume of ~9%.  
Additionally, the mass of the sequential additions were additive, so that the final mass 
of CA-125 in solution for the two calibrations was 5.5 pg.   
 
Sensor response to CA-125 standards in the two media (buffer and serum) correlates 
well with the log of concentration (Fig 13-3C).  We have found similar logarithmic 
correlation of sensor response with target analyte concentration such as protein, 
spores112, small molecules232 and large enterotoxin218.  A reasonable approach, 
therefore, is to examine if the same mathematical relationship (Eq. 13-1) holds true 
for the biomarker, CA-125.  The sensor response )( fΔ−  is related to target CA-125 
concentration (Cb0 ) by    
BCAf b +=Δ− )log()( 0   (13-1) 
where A and B are slope and intercept in Figure 13-3C.    The parameters A and B 
depend on cantilever dimensions, antibody binding constant, and antibody surface 
concentration.  Fitting of the data to the model gave excellent correlations (R2 = 0.97, 
A =79.9, B = 1206; R2 =  0.96, A = 153.0, B = 2245) for serum and buffer 
respectively.  The ~35 % difference in the constants A and B translate to ~25 % lower 
change in resonance frequency. One notes that the response to maximum CA-125 
added was 902 Hz in buffer compared to 607 Hz in serum (Fig. 13-3C).   We 
conclude that the sensor is ~25 % less sensitive in serum than it is in buffer for a 
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given CA-125 concentration.  Therefore, to an extent, an optimal value of A and B 
may be achieved by manipulating the buffer medium used for detection.  Similar 
results were achieved when proteins were examined in urine218 and toxins were 
examined in milk and apple juice216. 
  
The primary limit of detection for the PEMC sensor can be obtained by analyzing the 
results of the calibration work in Figure 13-3C.  The frequency response due to mass 
loading exceeds the system noise (± 15 Hz) for additions of 50 fg and greater.  The 5 
fg addition of CA-125 gave a response of ~ 15 Hz, which is slightly lower than the 
limit of detection in the current experimental arrangement.  We conclude that the 
limit of detection for the PEMC sensors used in the calibration work lies between 5 
and 50 fg added mass. 
 
 
13.4.5 Secondary limit of detection 
In order to improve upon the primary limit of detection, we amplified the amount of 
bound mass on the sensor surface through the use of a secondary antibody.  Here, 
CA-125 added to the flow circuit was 5 ag to 5 fg in increments of 10x.  Each 
addition did not result in a noticeable frequency change (Figure 13-4).  Following 
antigen exposure and a PBS flush, a 1 mL sample of 10 μg/mL, monoclonal a-CA-
125 was recirculated for a period of one hour.  Due to the available antibody binding 
sites on the sensor surface, a frequency decrease of 118 ± 21 (n=4), 164 ± 7 (n=2), 
and 216 ± 12 (n=2) was observed for 50 ag, 500 ag, and 5 fg, respectively.  A typical 
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response due to the attachment of the secondary antibody post-antigen exposure can 
be seen for a 50 and 500 ag antigen addition (Figure 13-4A and 13-4B, respectively).  
The experiments with 50 ag of CA-125 were conducted with PEMCa and PEMCb and 
the average across all four is reported.  The other experiments were performed with 
PEMCa.  For the 5 ag CA-125 addition, the resonance frequency decrease due to the 
secondary antibody was absent.  We conclude that the limit of detection for the 
PEMC sensor using a second amplification antibody lies between 5 and 50 ag of 
bound antigen. 
 
A plot of resonance frequency shift due to secondary antibody versus antigen 
concentration shows a similar semi-log behavior to that noted above.  Curve fitting to 
equation (13-1) yields constants for A and B of 49.1 and 918 (data not shown).  This 
result is not unexpected since the number of bound antigen molecules on the sensor 
surface will be proportional to the number of bound secondary antibody molecules.  
As long as the semi-log behavior holds true for mass of antigen added, the secondary 
antibody should hold to the same relationship. 
 
13.4.6 Tertiary Limit of Detection 
A third addition of antibody was used to detect 50 ag and 5 ag of bound antigen on 
the sensor's surface.  Expanding on the amplification techniques explained above, 
one-mL of sheep polyclonal to mouse IgG (10 μg/mL) was flowed past the sensor for 
one hour after introduction of CA-125 antigen and the secondary amplification 
antibody. Resonance frequency decreases of 153 ± 4 and 110 ± 9 Hz, respectively 
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(n=2) were noted for the secondary and tertiary antibody due to 50 ag of antigen 
introduced (Figure 13-6A).  For CA-125 additions of 5 ag, PEMCa gave resonance 
frequency decreases of and 103 ± 10 and 196 ± 6 Hz (n=2) for the secondary and 
tertiary antibody, respectively, and PEMCb gave resonance frequency decreases of 61 
± 4 and 127 ± 10 Hz (n=2) for the secondary and tertiary antibody, respectively 
(Figure 13-6B).  If every secondary antibody molecule had an exposed binding site, 
the expected response to a tertiary antibody would be approximately equal to that of 
the secondary antibody since mass ratio of antibody to antibody is ~1.  For the cases 
in Fig 13-6A and 13-6B the response due to secondary and tertiary antibody was 30 
and 50% lower, suggesting that only a fraction of the secondary antibody on the 
surface had a recognizable exposed binding site.  We believe that the availability of 
binding sites on the secondary antibody is a reasonable explanation as to why an 
equivalent frequency shift was not seen for the tertiary antibody. 
 
13.4.7 Confirmation of CA-125 Detection 
One way to confirm that the observed resonance frequency decrease is indeed due to 
CA-125 and secondary antibody attachment is to determine if the same polyclonal 
antibody will attach to the secondary antibody bound on the sensor surface.  The 
expectation is that the bound secondary antibody will have enough exposed, available 
sites to bind the tertiary antibody used in this investigation.  This method of 
amplifying the bound mass allows for two conclusions to be drawn.  First, the 
resonance frequency shift due to the secondary and tertiary antibody can only result 
due to antigen being present on the sensors surface.  This was also supported through 
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the use of controls and absence of antibody cross-reactivity as seen in Figures 13-1 
and 13-2.  Secondly, through amplification, the amount of antigen present in the 
original sample does not limit the ability to detect and confirm the presence of the 
molecule.  The amplification ladder can be designed to optimize the PEMC limit of 
detection depending on the targeted concentration range. 
 
13.5 Conclusion 
Over the last ten years, the identification of key tissue specific gene expression that 
can be used as prognostic and screening biomarkers for diseases has become of great 
importance.  In the case of ovarian cancer, it is very difficult to diagnose the disease 
before it has progressed beyond treatment.  The ability to measure biomarkers such as 
CA-125 in extremely low concentrations opens the possibility of detecting the 
emergence of a disease state using a molecular indicator.  Currently, CA-125 is the 
most reliable serum marker for ovarian carcinoma and has been shown to be an 
effective molecule in screening patients for the presence of malignancy.  
Additionally, recent work has shown that detection of the disease can be significantly 
improved by lowering the cutoff value to 16.0 units/mL229.  It is reasonable to suggest 
that an even lower cutoff limit for CA-125 and other molecular markers may lead to 
earlier prognosis of a disease state.  The ability to rapidly identify the presence of low 
levels of CA-125 in serum without any sample preparation provides a versatile 
analytical tool to determine patient risk of harboring ovarian cancer.  Using the 
amplification technique described, we have demonstrated the ability to detect 5 ag of 
antigen in serum by using secondary and tertiary, non-labeled, antibody additions.  
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Through the use of these secondary reagents, the limit of detection of the current 
PEMC sensor was improved by ~ 4 orders of magnitude.  It is reasonable to conclude 
that this sensitivity can be furthered improved by continuing to add mass in the form 
of additional antibodies; however, the limit of this technique may be reached as the 
bound molecules become farther away from the surface or the sensor reaches 
saturation (~ 1 ng).   
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Figure 13-1 
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Figure 13-1. Resonance frequency shift for the two controls.  The positive control was response 
of PEMC sensor that was not prepared with the antibody to CA-125 and exposed to serum 
spiked with CA-125 followed by a PBS rinse.  Negative control was the response of an anti-CA-
125 immobilized PEMC sensor to a one-mL serum followed by a PBS flush. The PBS buffer 
control (-6 ± 13 Hz) was an anti-CA-125 immobilized cantilever in PBS (pH 7.4) (not shown) All 
experiments were done at 0.5 mL/min.   
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Figure 13-2 
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Figure 13-2. Evaluation of antibody cross-reactivity.  A one-mL sample of CA-125-free serum 
was flowed past the antibody immobilized sensor followed by a PBS flush.  A one-mL sample of 
CA-125 mAb was flowed past the sensor surface for 60 minutes followed by a PBS flush.  A 
second addition of antibody (mouse pAb) was flowed past the sensor surface for 60 minutes 
followed by a PBS flush.  The near-zero response due to the two antibody additions indicate a 
low degree of cross-reactivity with the polyclonal CA-125 immobilized on the sensor surface. 
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Figure 13-3 
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Figure 13-3. Primary limit of detection calibration.  Panel A. Buffer. Frequency response of 
PEMC sensor with sequential addition of CA-125 in PBS.  After stabilizing the sensor in PBS, a 
one-mL sample of filtered PBS containing a total of 5 fg CA-125 was added to the flow circuit 
containing 3 mL of buffer, diluting the sample to 2 ag/mL.  This step-wise addition of increasing 
mass of CA-125 was continued and the total cumulative frequency decrease resulting from the 
additions was 902 Hz.  Panel B.  Serum.  Frequency response of PEMC sensor with sequential 
additions of CA-125 in serum. Incremental additions of CA-125 of  5 fg 50 fg, 500 fg, and 5 pg 
CA-125 resulted in shifts of -22 ± 5, -136 ± 30, -173 ± 2, and -276 ± 24 Hz (n=3), respectively.  The 
total volume in the flow circuit was 4 mL, so each sample was diluted by a factor of 4.  Panel C.  
Resonance frequency change is plotted as a function of log of CA-125 concentration in PBS and 
serum.  Data is from Panels A and B.  All experiments were done with the same sensor. 
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Figure 13-4 
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Figure 13-4. Secondary limit of detection.  Panel A: First the PEMC sensor was exposed to 500 
ag CA-125 for 30 minutes, followed by PBS rinse (20 min) and then 1 mL mouse monoclonal 
anti-CA-125 (10 mg/mL) to CA-125 was injected in, which induced a binding response.  The 
antigen did not result in a noticeable frequency decrease, however, the secondary antibody 
binding caused a decrease of 164 ± 7 (n=2) Hz. Panel B. First the PEMC sensor was exposed to 
50 ag CA-125 for 50 minutes, followed by PBS (20 min) and then 1 mL mouse monoclonal anti-
CA-125 (10 mg/mL) to SEB.  The initial attachment caused no decrease while the second 
antibody flow caused a decrease of 118 ± 21 Hz. Effective concentration of CA-125 detected is 10 
ag/mL. 
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Figure 13-5 
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Figure 13-5. Frequency response due to detection of 50 ag CA-125.  No detectable frequency shift 
was noted using a sensor immobilized with a primary antibody only and when the initial mass of 
antigen added was less than 50 fg. 
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Figure 13-6 
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Figure 13-6. Tertiary limit of detection.  Panel A: First the PEMC sensor was exposed to 50 ag 
CA-125 for 50 minutes, followed by PBS rinse (20 min) and then 1 mL mouse monoclonal anti-
CA-125 (10 mg/mL) to CA-125 was injected in, which induced a binding response.  A second PBS  
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Figure 13-6 (continued) 
flush was performed and 1 mL sheep polyclonal anti-mouse (10 mg/mL) was injected in which 
induced a further binding response.  The antigen did not result in a noticeable frequency 
decrease, however, the secondary and tertiary antibody binding caused decreases of 153 ± 4 and 
110 ± 9 Hz, respectively (n=2) Panel B. First the PEMC sensor was exposed to 5 ag CA-125 for 60 
minutes, followed by PBS rinse (20 min) and then 1 mL mouse monoclonal anti-CA-125 (10 
mg/mL) to CA-125 was injected in, which induced a binding response.  A second PBS flush was 
performed and 1 mL sheep polyclonal anti-mouse (10 mg/mL) was injected in which induced a 
further binding response.  The antigen did not result in a noticeable frequency decrease, 
however, the secondary and tertiary antibody binding caused decreases of 103 ± 10 and 196 ± 6 
Hz (PEMCa; n=2) and 61 ± 4 and 127 ± 10 Hz (PEMCb; n=2), respectively   
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Chapter 14: Conclusions 
 
 This aim of the research presented in this dissertation was to develop a novel 
cantilever sensor geometry that demonstrated a high degree of sensitivity and 
specificity for detecting biological species in complex matrices.  A new, non-intuitive 
cantilever design was discovered showing a mass-change sensitivity of 300 ag/Hz to 
1.5 fg/Hz.  This new geometry was used to detect pathogens, toxins, and proteins in a 
variety of practical applications; including Escherichia coli O157:H7 at less than 10 
cells/ml in a ground beef wash and staphylococcus enterotoxin B (SEB) in apple juice 
and milk at 10 and 100 fg (effective concentrations of 2.5 and 25 fg/mL).  A method 
was developed for detecting and quantifying a prostate cancer biomarker (α-
methylacyl-CoA racemase; AMACR) in patient urine at fg/mL concentrations.  A novel 
amplification strategy, using label-free additions of secondary and tertiary antibody 
molecules, was used to detect an ovarian cancer biomarker (CA-125) in human serum 
at 5 to 50 ag (effective concentrations of 1 and 10 ag/mL).  All successful detections 
were accomplished without sample preparation or the use of labeled reagents.  The 
results demonstrate that the new cantilever sensor geometry can reliably detect low 
concentrations (ag/mL to fg/mL) of specific biomolecules in real systems containing 
varying levels of contaminant particles.  Future work can be aimed at using the 
cantilever sensors for in situ detection and growth of live cells and the development of a 
point-of-care diagnostic tool.  
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